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PREFACE 


This book is written primarily for those individuals responsible for 
power system and apparatus design. It is written secondarily for 
those in engineering colleges who may wish to use it as a reference 
for advanced study in electric circuit phenomena. The book is in¬ 
tended therefore to serve as a combination reference and textbook. 

The subject matter as the title suggests deals with “Transients in 
Power Systems.” It is not the author’s intention to emphasize the 
rigorous mathematical circuit-theory approach but rather to go beyond 
that to the point of discussing what the analysis discloses so that con¬ 
clusions may be reached which will be of value to the power system 
and apparatus designer. It is hoped that such an approach will also 
serve to stimulate the thinking of graduate students interested in ad¬ 
vanced circuit study in this or a closely related field. 

Much has been learned about electric transient phenomena during 
the last several decades. The pioneering work of men like Steinmetz 
and Heaviside was most notable in serving as a means for achieving 
clearer understanding of transient phenomena. Such analysis can be 
applied to linear circuits without reservation. However, as a circuit 
becomes more complex, or as the switching sequence to which a circuit 
is subjected becomes more complex, the application of these methods of 
analysis becomes very laborious and time consuming. Furthermore, 
many of the transients of interest in power systems are not linear, i.e., 
the circuit is not a linear system. Consequently, any method of cal¬ 
culation is either extremely and prohibitively time consuming or is so 
riddled with simplifying assumptions that the finally calculated result 
is itself of questionable value. 

During the past decade, new tools were developed and put to use in 
studying many of the circuit transient phenomena previously avoided 
simply because of the prohibitive amount of time required for arriving 
at the desired understanding with means then available. Both the 
differential analyzer and the transient analyzer were found useful in 
reducing the time and effort required to analyze these more complex 
circuit problems. Because of its simplicity and directness, the transient 
analyzer was found exceptionally useful in studying the behavior of 
a large variety of complex linear and non-linear circuits. It was found 
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unusually powerful in obtaining solutions to problems involving dis¬ 
tributed constants as well as non-linear impedance elements. 

Use of such tools as these has resulted in the publication of much 
technical literature in the course of recent years. The Transactions of 
the American Institute of Electrical Engineers, in particular, served as 
a means of summarizing from time to time the results of new inves¬ 
tigations. These results are scattered through the literature. Further¬ 
more, much has been done that has not been published. Consequently, 
it is largely the object of this book to organize and consolidate the 
information contained in these numerous publications as well as much 
of that which has not been published so that the power-system and 
apparatus designer can more readily avail himself of the knowledge 
pertinent to his particular responsibility. 

The completion of such a task is not the result of the effort of one 
individual alone but rather is the result of the cooperative efforts of a 
group of associates in the Central Station Engineering Divisions of the 
General Electric Company. In particular, to S. B. Crary I express 
my appreciation for his encouragement and enthusiasm. Without his 
encouragement, this book would not have been written. To Charles 
Concordia I owe much for his patient counsel concerning material to 
be included and its most advantageous arrangement. Also I wish to 
thank Miss Edith Clarke for her early advice concerning the method 
of using symmetrical components and for her consent to draw freely 
from her publications as references and to some extent as source ma¬ 
terial useful in the preparation of this book. 

I also wish to thank D. M. Jones and Robert Treat for their en¬ 
couragement in undertaking studies of power systems and circuits from 
the point of view of acquiring immediately useful results. 

To others who have been helpful in obtaining data or in the prepara¬ 
tion of this book I am also thankful. To mention a few: F. J. Magin- 
niss, I. B. Johnson, W. J. Rudge, S. B. Farnham, P. H. Light, E. M. 
Hunter, H. S. Shott, T. W. Schroeder, L. E. Saline, L. K. Kirchmayer, 
and E. W. Boehne. Finally to Miss Rose Pileggi goes real apprecia¬ 
tion for her invaluable work in typing the manuscript, supervising the 
drawing of figures, proofreading, and corresponding with the publishers. 

Harold A. Peterson 

Schenectady, New York 

May, 1951 
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1 OVERVOLTAGES DURING 
POWER SYSTEM FAULTS 

1 • 1 INTRODUCTION 

Faults occur in a power system because insulation at the point of 
fault is momentarily subjected to voltage stress in excess of its di¬ 
electric strength. In the past, lightning has probably been the most 
frequent cause of fault initiation and subsequent line and apparatus 
outages. Switching surges also have been frequent causes of over¬ 
voltages of sufficient magnitude to cause insulation to be dielectrically 
overstressd, resulting in system faults. Birds, snakes, kites, airplanes, 
and rifles in capable, though morally misdirected, hands have been 
known to initiate faults. Mechanical failure of insulation may and 
occasionally does result in a power system fault. 

The list of causes of these faults is long and varied. However, it is 
not the purpose of this chapter to concern itself further with the 
causes, but rather to consider the consequences of the occurrence of a 
fault as far as the system itself is concerned. In considering these 
consequences, it will be preferable to think of the power system as an 
electrical circuit made up of linear impedance elements of resistance, 
inductance, and capacitance. The circuit is normally energized and 
carrying load until a fault suddenly occurs. The fault then ccfire- 
sponds to the closing of a switch (or switches, depending on the type 
of fault) in the electrical circuit. The closing of this switch (or 
switches) changes the circuit so that a new distribution of currents 
and voltages is brought about. This redistribution is accompanied in 
general by a transient period during which the resultant currents and 
voltages may momentarily be relatively high. 

There are two components of voltage in such linear circuits due to 
the occurrence of a system fault (or due to closing the switch in the 
electrical network), viz., (1) fundamental-frequency voltages, and (2) 

i 



2 


OVERVOLTAGES DURING FAULTS 


natural-frequency voltages usually of short duration which are super¬ 
imposed upon the fundamental-frequency voltages. 

There is a third component also which will be listed here and dis¬ 
cussed more completely in Chapter 2, viz., (3) harmonic voltages re¬ 
sulting from unbalanced currents flowing in rotating machines in 
which the reactances in the direct and quadrature axes are unequal. 

In general, an overvoltage protective device must function on any 
transient overvoltage of sufficient magnitude and limit that voltage 
to a value lower than the value corresponding to the dielectric strength 
of the insulation being protected; then it must automatically inter¬ 
rupt the power-follow current * that flows through the protective de¬ 
vice as a result of this sustained voltage. In the design and applica¬ 
tion of overvoltage protective devices such as arresters, the rating of 
the device is expressed in terms of the maximum rms fundamental- 
frequency voltage at which automatic interruption of power-follow 
current takes place. It is therefore of vital importance to know what 
these system overvoltages are in magnitude and duration so that ar¬ 
resters of proper design and rating may be selected for application in 
any given system. Since sustained overvoltages during faults exceed¬ 
ing the rating of the arrester will result in its failure, an important 
factor in the effectiveness of arrester protection is the proper design 
and operation of the power system, particularly with regard to system 
neutral grounding. 

The fundamental-frequency overvoltages largely determine the ar¬ 
rester rating and the corresponding insulation protective levels. These 
in turn are important factors in determining the allowable apparatus 
insulation levels. 

1-2 FUNDAMENTAL-FREQUENCY VOLTAGES 

Fundamental-frequency voltages can be determined with fair ac¬ 
curacy. Calculations can, of course, be made very precise for a 
given set of assumptions. For the results shown in connection with 
this section, the following assumptions were made: 

1. The fault is a solid fault, i.e., there is no arcing. 

2. Sudden disconnection of load and overspeeding of connected gen¬ 
erators are not considered. 

♦Power-follow current is the current predominantly of fundamental frequency 
which flows through an arrester after it has been sparked over by transient over¬ 
voltage. It is the current that continues to flow after lightning discharge cur¬ 
rents, for example, have been passed through the arrester to ground. 
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3. Negative-sequence impedances are assumed equal to positive- 
sequence impedances. 

4. The magnitude of the positive-sequence impedance is assumed 
to be constant for the period in which the overvoltage is to be de¬ 
termined. As the effective impedance of a rotating machine changes 
with time, it is necessary to consider the impedance under conditions 
that may result in the greatest overvoltage. On an isolated-neutral 
system, for example, the greatest overvoltage may be obtained based 
on impedances corresponding to the synchronous condition rather than 
the subtransient or transient condition. Because these impedances 
vary widely after the fault occurs, it is desirable that results be pre¬ 
sented in the form of curves so that the range of voltage can be de¬ 
termined. 

5. The effects of saturation and corona are not included. Both 
would tend to reduce the magnitude of overvoltage. The error in ne¬ 
glecting these factors, in general, increases with increase in the magni¬ 
tude of overvoltage. In the region of resonance, saturation may be 
an important factor in limiting the excessive fundamental-frequency 
overvoltages. 

6. Overvoltages caused by unusual system conditions are neglected. 
For example, non-linear circuit instability may be produced as a re¬ 
sult of the opening of fuses, or single-pole switches, thereby causing 
the magnetizing currents of potential or power transformers to flow 
through line capacitance with resulting overvoltages. Such phe¬ 
nomena will be discussed in Chapter 9. 

Based on these assumptions and considerations, it is possible to 
calculate fundamental-frequency voltages on the unfaulted phases for 
a single-line-to-ground fault and for a double-line-to-ground fault. 
A three-phase fault and a line-to-line fault are of no interest, since 
no overvoltages are produced in view of the foregoing assumptions. 
The overvoltages calculated are those existing on the unfaulted phases 
at the point of fault in a three-phase system with phase rotation a,b,c. 
The single-line-to-ground fault is assumed to occur on phase a, so 
that voltages on phases b and c are of interest. If resistance in the 
system is negligible, then voltages on phases b and c are equal in mag¬ 
nitude, but differ in phase. If resistance is present, the general effect 
is to increase the voltage on phase c and decrease it on phase 6. 

The generalized curves for the single-line-to-ground fault are shown 
in Figs. 1*1 and 1*2. Zi = R x + jX i and Z 0 = R 0 + jX 0 are the posi¬ 
tive- and zero-sequence fundamental-frequency impedances, respec¬ 
tively, viewed from the fault point. The equations from which these 
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Fig. 1*1. Phase b voltage-to-ground at point of fault with conductor-to-ground 
fault on phase a versus system impedances. Voltage is expressed as a ratio to the 
normal-system line-to-neutral voltage. 
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Fig. 1-2. Phase c voltage-to-ground at point of fault with conductor-to-ground 
fault on phase a versus system impedances. Voltage is expressed as a ratio to the 
normal-system line-to-neutral voltage. 
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Fig. 1-2 ( Continued ). 


curves were calculated can easily be derived by means of symmetrical 
components. For a single-line-to-ground fault on phase a, the per- 
unit voltages on phases b and c are: 


1 Zq — Z\ 

2 2 2 Z\ -f Zq H - 3i Rf 

1 . Vs Zq - Zi 

2 2 2 Z\ -f Zq -|- SR/ 


[ 1 * 1 ] 

[1*2] 


In these equations, R f is the fault resistance. This was assumed to be 
zero in preparing the curves of Figs. 1*1 and 1*2. However, in many 
cases the effect of fault resistance is of particular significance. For 
example, in the region of negative values of X 0 /Xi of Fig. 1*2, if 
the voltage on phase c is plotted as a function of 3R f /X t with X 0 /Xi 
as a parameter, a family of curves such as shown in Fig. 1*3 is ob¬ 
tained. Thus for a range of values of 3Rf/Xi the fault resistance, 
which may be tower footing resistance, has the effect of increasing the 
fundamental-frequency voltage-to-ground on phase c above that 
which would exist with no fault resistance. The maximum increase 
is about 5 per cent. Similarly it is shown in Fig. 1*4 that the voltage 
on phase b decreases in this region of values of 3#//Xi with respect to 
the voltage that would otherwise exist if there were no fault resistance. 
Consequently there is little interest in the phase b voltage, whereas 
the phase c voltage is of significance from the standpoint of selecting 
arresters of proper rating in isolated-neutral systems. For complete¬ 
ness, Figs. 1*5 and 1-6 are included to show the maximum voltages on 
phases b and c, respectively, for any value of SRf/X t . 




Fig. 1*3. Phase c voltage-to-ground at point of fault on phase a versus fault resist¬ 
ance. Voltage is expressed as a ratio to the normal-system line-to-neutral voltage. 



Fig. 1-4. Phase b voltage-to-ground at point of fault on phase a versus fault resist¬ 
ance. Voltage is expressed as a ratio to the normal-system line-to-neutral voltage. 
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Although not specifically shown on the foregoing curves, it is sig¬ 
nificant that if X 0 /Xi is infinite, then fault resistance does not cause 
an increase in the fundamental-frequency voltage-to-ground on either 
of the two unfaulted phases. This special case is encountered when 
the system is grounded through a ground-fault neutralizer. 

The effect of fault resistance for a single-line-to-ground fault can 
be shown in another way, as in Fig. 1*7. Here the fault resistance 
is shown to have an effect of increasing voltages-to-ground in the 



Fig. 1 • 5. Maximum phase b voltage-to-ground at point of fault on phase a for any 
fault resistance Rf versus system impedance ratios. Voltage is expressed as a ratio 
to the normal-system line-to-neutral voltage. 
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Fig. 1*5 ( Continued ). 
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Fig. 1*5 ( Continued ). 



Fig. 1 *6. Maximum phase c voltage-to-ground at point of fault on phase a for any 
fault resistance R / versus system impedance ratios. Voltage is expressed as a ratio 
to the normal-system line-to-neutral voltage. 
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(a) 

Fig. 1*7. Fundamental-frequency voltages. Line-to-ground fault. Maximum 
voltage-to-ground of unfaulted phases at fault. Zi « Zg » 0 + jX h £ 0 ® 0 -f jX 0 . 
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Fig. 1*8 Line-to-ground sustained voltage chart for grounded systems, m the 
region of small Xq/X\ and Ro/X i Figures on curves are times normal hne-to-neutral 
voltage. In parentheses are given times line-to-lme voltage for two significant 
values Curves are for X 2 = Xi and R\ — R 2 = 0 



*o/*l 

Fig. 1*9. Fundamental-frequency voltages Double-lme-to-ground fault Voltage- 
to-ground of unfaulted phase at the fault Z\ = Z 2 = 0 -f- ]X\\ Zo « Ro -f jXo; 

R f « 0 













NATURAL-FREQUENCY VOLTAGES 


17 


region of positive values of X 0 /Xi also. This increase is of less gen¬ 
eral significance, however, because the voltages are considerably 
smaller in magnitude. The increase should be given due considera¬ 
tion in selecting lightning arresters of proper voltage rating. 

The region in which both Xo/Xi and R 0 /X i are small is of consider¬ 
able importance. This region has been plotted in Fig. 1-8 in a dif¬ 
ferent way for the purpose of showing more clearly the effect of zero- 
sequence impedance upon the maximum sustained voltages to ground 
for any type of fault and for any value of fault resistance. These 
curves show the values of R 0 /Xi and X 0 /X\ for which a definite 
voltage will not be exceeded between any phase and ground, regard¬ 
less of type of fault or the value of fault resistance. 

In general, in practical systems the overvoltages during faults are 
lower for a double-line-to-ground fault than for a single-line-to- 
ground fault. This is illustrated in Fig. 1-9. Since these voltages 
are generally smaller in magnitude for the range of practical X 0 /X 1 
values, there is little reason for discussing the double-line-to-ground 
fault condition further as far as the purpose of this book is concerned. 

1-3 NATURAL-FREQUENCY VOLTAGES 

Natural-frequency voltages appear immediately after the sudden 
occurrence of a fault. They simply add to the fundamental-frequency 
voltages discussed in Section 1-2. Since resultant voltages are of 
greater interest from a practical point of view, it will be preferable 
to speak of the resultant of the fundamental-frequency and natural- 
frequency components simply as a transient voltage. 

Curves for transient voltages following faults in terms of system 
impedances viewed from the fault cannot be drawn for the general 
case as was done for the fundamental-frequency voltages. In the 
actual system, the transient voltages are affected by the number, con¬ 
nection, and arrangement of the circuits. However, as a first approach 
which will give an indication of the maximum transient voltage to be 
expected, a system consisting of a synchronous generator, transformer 
bank, and transmission line open at the far end may be considered. If 
the fault is placed near the transformer terminals, and the open line is 
replaced by its lumped capacitance at the point of fault, the circuit 
lends itself to analysis quite readily. Such a system is shown in Fig. 
1 - 10 . 

The voltages on phases b and c can be calculated for a single-line- 
to-ground fault on a using the following procedure. In Fig. 1*10 let 
the following nomenclature apply. 
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Zl * fl -j- j Xl) zq — r 0 + jx o = positive- and zero-sequenoe fundamental-frequency 
impedances, respectively, from neutral to the fault point. 
g n * fn _|_ j Xn « fundamental-frequency impedance between neutral and ground. 
Xch XcO - positive- and zero-sequence fundamental-frequency capacitive react¬ 
ances, respectively, of transmission line. 

O » 0 O + t — angle between the direct axis of reference machine and axis of phase a. 
io n - natural frequency in times fundamental frequency. 



(c) 

Fig. 1 • 10. (o) One-line diagram of power system consisting of synchronous machine, 
transformer bank, and transmission line, (b) Approximate positive-sequence funda¬ 
mental-frequency impedance diagram, (c) Approximate zero-sequence fundamental- 
frequency impedance diagram. 

The instantaneous phase voltages at any point in a balanced three- 
phase system in per-unit of crest voltages to neutral or to ground at 
that point are: 

e a = — sin 9 

1 Vi 

e b — - sin 6 -I—— cos 6 

2 2 

1 Vi 

e c = - sin 9 -cos 9 

2 2 

Let e and i with appropriate subscripts refer to instantaneous values 
of voltages-to-ground at the fault and currents flowing into the fault, 
respectively. In reference 9 are given the relations for transformation 
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from three-phase quantities to symmetrical-component quantities for 
instantaneous currents and voltages, including the transient as well 
as the fundamental-frequency components. Using the generalized 
method of symmetrical components, the following equations (see ref¬ 
erence 2) are obtained: 


Line-to-Ground Fault (Phase a) 

— sin 9 


%a\ — ^o2 ~ l o0 


e a o — ^ao^oip) 


2Zi(p) + Zo(p) + 3 R/ 
Zoip) sin 6 


2Zi(p) + Z 0 (p) + 3 Rf 


1 Vi z 0 (p) - Zx (p) 

e b = - sin 0 H-cos 6 + ----—--sin 6 

2 2 2Zi(p) + Zo(p) + 3Rf 

1 . a Vs Zo(p) - Z\(p) . 

e c = - sin 6 -cos 6 H-sm 6 

2 2 2Zi(p) + Z 0 (p) + SR/ 

Double-Line-to-Ground Fault (Phases b and c) 


[1*3] 

[1-4] 

[1*5] 

[ 1 - 6 ] 


^oO “ Hal “t" ^02) ~ 
e a o = —ioZoip) — 


sin 6 


Z\(p) + 2 Z 0 (p) + 6R/ 
— Z 0 (p) sin 6 


e a = 


Z\(p) + 2Z 0 (p) + 6Rf 
3Z 0 (p) + 6 R f 


Z\(p) + 2 Z 0 (p) + 6 R/ 
Line-to-Line Fault (Phases b and c) 


sin 0 


6 a = — sin 0 
Cb = 6 C = ^ sin $ 


[1*7] 

[1-8] 

[1-9] 

[MO] 

[Ml] 


To obtain the natural-frequency components of equations [1-3] to 
[1-9] it is necessary to replace Z x (p) and Z 0 (p) by their operational 
expressions in terms of system constants. For the system in Fig. 1 • 10, 


Zi(p) 


(A + px 1) 


Xcl 

V 


A + px\ H- 

p 


[M2] 
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Z 0 (P) = 


[r 0 + 3 r n + p(x 0 + 3x„)] — 

_ V_ 

XcO 

tq + 3r„ + p(x o + 3x„) H- 

V 


[M3] 


If resistance is neglected, Z\ ( p ), Z 0 (p), Z\, and Zq become for Fig. 1 • 10, 


PX&cI 
p 2 Xi + x ci 


[1 • 14] 


Zo(p) = 


p(x 0 + 3x n )x c0 
P 2 (X 0 + 3x„) + XcO 


*cl - 

. (x 0 + 3 x n )x c0 

Zo = J -7— = •?*<> 

ZcO - (^0 + 3 x n ) 


[1 * 16] 


[1 * 17] 


Then for a line-to-ground fault at F on phase a in Fig. 1-10, the 
instantaneous zero-sequence voltage at the fault in per-unit of normal 
line-to-neutral peak voltage at the fault, obtained by substituting equa¬ 
tions [1*14] and [1*15] in equation [1-4] and solving the operational 
equation, is 


e — -sin 0 

2Zi + Zo 

^ (xo + Sx n Xi 


XcO X cl 


- —) (sin do 
X c \/ \ 


cos o> n t H-cos 0o sin 


in 


( — H-^ 2xi +x 0 + 3x n - xi(x 0 + 3x n ) ( -1-^ 

\x c0 Xc\f L \XcO Xc\/ - 


[MS] 


\Xco X cl / L 

In terms of X 0 and X\ 

e 0 =-sin 0 

2X x + Xo 


2 (— Xo — Xi) ("sin 0o cos o) n t H-cos 0 O sin u> n A 

\XcO / \ / 


1 + 2 — )(2X 1 + X 0 ) 

K X c q/ 


[1-19] 
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With Xeo — x e i, equation [1 • 19] checks that given by Fallou.® 

3 V^3 

e»“-eoH -cos 8 [1*20] 

2 2 


3 Vs 

e, = - en -cos 0 

2 2 


[ 1 * 21 ] 


In these expressions 



2xj + xo + 3x„ 


2xi(x 0 + 3x, 


(x<« 2x c i) 


X\ \Xi xj \x, / 


X x \ Xco ) 


11 * 22 ] 


Similarly for a double-line-to-ground fault at F on phases b and c, 
the instantaneous zero-sequence and phase a voltage-to-ground at the 
fault in per-unit of normal line-to-neutral peak voltage at the fault, 
are obtained by substituting equations [1*14] and [1*15] in equations 
[1-8] and [1*9] and solving the operational equations. Expressed 
in terms of the positive- and zero-sequence reactances viewed from 
the fault, 


«o = - 


Xo 


X x + 2X 0 


-sin0 


+ 


( Xci \ ( m COS e \ 

— X 0 — X i JI sm 00 cos co n t H-sin u> n t) 

XcO / \ W»i / 

(2 + —) ( X ! + 2X 0 ) 

\ XcO / 


In equation [1*23] 


e a = 3e 0 




X\ + 2(xo + 3x„) 


2xi(xq + 3x, 


n) Cir + —) 

\2x*n X c \ / 


[1-23] 

[1*24] 

[1-25] 




0 +2 
Xo/Xi 


+8 + 10+00 


Fig. 1-12. Transient voltages with resistance neglected for system shown in Fig. 
1 • 10. Double-line-to-ground fault. Maximum voltage-to-ground of unfaulted phase 

at the fault. 
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The equations [1-19], [1-20], [1-21], [1-23], and [1*24] were used 
to plot curves of transient voltage as a function of X 0 /X x shown in 
Figs. 1*11 and 1 * 12, for single-line-to-ground and double-line-to- 



Fig. 1 • 13. Miniature equivalent system. 




2 3 4 5 6 7 8 10 20 30 40 50 60 80 100 200 00 


x co/ x l 

Fig. 1-14. Transient and fundamental-frequency voltages with resistance neglected 
for system shown in Fig. 1*10 with reactance grounded neutral. Line-to-ground 
fault. Maximum voltage-to-ground of unfaulted phases at the fault, xo “ 

XcQ *■ Xcl- 


ground faults, respectively. For convenience, the fundamental-fre¬ 
quency voltage is shown also. The maximum transient voltage is that 
obtained by adding the peak fundamental-frequency voltage to the 
peak natural-frequency voltage on the assumption that, since there is 











24 


OVERVOLTAGES DURING FAULTS 


no damping in the circuit, sooner or later these two components can 
have their maximum value with the same polarity at the same instant. 
The maximum natural-frequency voltage is obtained when 0 o = 90° 
for normally encountered values of a> n ; this value was used in calcu¬ 
lating the curves of Figs. 1*11 and 1*12. These curves can be used 
to determine the maximum transient voltages with resistance ne- 
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Fig. 1 -15. Transient and fundamental-frequency voltages for system shown in 
Fig. 1-10 with resistance grounded neutral. Line-to-ground fault. Maximum 
voltage-to-ground of unfaulted phases at the fault, xo ™ xi, x c o ** x c \. 


glected when the neutral is solidly grounded or grounded through any 
reactance, including a ground-fault neutralizer. For a solidly 
grounded neutral, x n = 0. For a ground-fault neutralizer with resist¬ 
ance neglected, 3x n + x 0 = x c0 and X 0 = oo. 

If resistance is included in the analysis, solutions are possible and 
curves could be plotted to show the resultant transient overvoltages. 
However, such calculations are extremely time consuming, and there¬ 
fore other means of evaluating the transient voltages in systems where 
resistance is of importance were sought. To meet this situation a 
device referred to as a transient analyzer was developed. In prin¬ 
ciple it consists of elements of impedance (resistance, inductance, and 
capacitance) arranged so that they can be connected in almost any 
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desired manner to represent electrically the system or circuit under 
investigation. By means of synchronous switches and a cathode-ray 
oscillograph it is possible to apply faults repeatedly and observe the 
resultant transient effects. A detailed description of this device will 
be postponed until the latter part of this chapter. 

By means of the transient analyzer it is possible to set up circuits 
such as that shown in Fig. 1 • 13. Curves such as those shown in Figs. 
1*14 and 1*15 can be obtained readily. The nomenclature used is 
the same as that used in connection with Fig. 1 • 10. 

1*4 EFFECT OF METHOD OF GROUNDING 

Comparison of Resistance and Reactance Grounding. A compari¬ 
son of the effects of resistance and reactance grounding on the funda¬ 
mental-frequency fault voltages following a line-to-ground fault can 
be obtained from Figs. 1*1 and 1*2 when the positive- and zero-se¬ 
quence impedances viewed from the fault are known. 

To compare the effects of reactance and resistance grounding on 
transient overvoltages following faults, the curves of Figs. 1*14 and 
1*15 may be used. These curves are plotted in terms of the imped¬ 
ances indicated in Fig. 1 • 10 and show the magnitudes of the transient 
voltages which may be obtained following a line-to-ground fault 
when the neutral is grounded through reactance and through resist¬ 
ance, respectively, with x 0 = x x and Xco = x cl . 

As will be noted, exceptionally high voltages are not obtained 
until the capacitive reactance x^ becomes small compared with X\. 
This condition corresponds to a system having a very large amount of 
line-charging capacity compared with the connected generation. Also 
it will be noted that, for the conditions assumed, transient voltages do 
not exceed twice the fundamental-frequency voltages with either re¬ 
actance or resistance grounding. 

The sustained voltages for resistance-grounded systems are gen¬ 
erally higher than those for corresponding reactance-grounded sys¬ 
tems. This is particularly true if the neutral grounding ohms are se¬ 
lected to give the same value of short-circuit current, as can be seen 
from an analysis of Figs. 1*14 and 1*15. For high ohmic values of 
neutral grounding impedance, the transient voltages may be higher for 
reactance-grounded than for resistance-grounded systems. For low 
ohmic values, the natural-frequency component of voltage for resist¬ 
ance-grounded systems decreases and becomes negligible for values of 
3r w /xi < 5. Accordingly, a reactance-grounded system may not sub¬ 
ject the protective equipment to as high sustained voltages as a re- 
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sistance-grounded system, but from the standpoint of natural-fre¬ 
quency overvoltages, particularly those associated with the occurrence 
of a fault (and with switching phenomena as will be shown later), the 
resistance-grounded system may be more desirable. 

In connection with the neutral grounding impedance, the voltages 
at the neutral are of importance. Therefore Figs. 1*16 and 1*17 are 
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Fia. 1 • 16. Transient and fundamental-frequency voltages with resistance neglected 
for system shown in Fig. 110 with reactance grounded neutral. Line-to-ground 
fault. Maximum voltage-to-ground at the neutral, xo = x\, x c o — x e \. 

included to show the maximum transient voltage as well as the funda¬ 
mental-frequency voltage at the neutral for the system in Fig. 1*10. 
It is clear that exceptionally high voltages are not obtained at the 
neutral except for systems that have a relatively large amount of con¬ 
nected line in proportion to the positive-sequence inductive reactance. 
The curves, in general, have the same shape as those in Figs. 1 • 14 and 
1 • 15, as it is essentially the shift or rise in neutral voltage that causes 
the overvoltage on the open phases. 

Since the magnitudes of overvoltages that are obtained are consid¬ 
erably affected by the method of grounding, the items in the following 
discussion are classified accordingly. 
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1. Solidly Grounded System. There are many degrees of solid 
grounding , and the term means very little as far as the overvoltages 
are concerned, as it depends on the number, location, and kilovolt¬ 
ampere capacity of the neutral grounding points. However, if the 
grounded-neutral system is considered to be one in which grounded- 
neutral rated arresters may be used (line-to-ground sustained voltages 



Fig. 1*17. Transient and fundamental-frequency voltages for system shown in 
Fig. 110 with resistance grounded neutral. Line-to-ground fault. Maximum 
voltage-to-ground at neutral, xo — xi, x c o — x c \• 

not to exceed 140 per cent of normal), it becomes apparent that the 
ratio of X 0 /Xi should be kept below about 3 and Rq/Xi should be kept 
below about 1. See Figs. 1*1, 1-2, and 1-8. Accordingly, such a 
solidly grounded system would generally have a large percentage of 
all transformers or machines with neutrals connected directly to 
ground with no (or, at most, very little) impedance intentionally in¬ 
serted in any neutral. 

Systems operating in this classification, that is with Xq/Xi less 
than 3 and Ro/Xi less than 1, have a maximum transient line-to- 
ground voltage on the unfaulted phases not exceeding 2.0 times normal 
(see Figs. 1*11 and 1-12). The maximum neutral-to-ground transient 
voltage at any point in the system, for example, the neutral of an 
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ungrounded bank, is about normal line-to-ground voltage due to the 
sudden occurrence of a solid fault. (Refer to Figs. 1*16 and 1*17.) 

2. Neutral Grounded through Reactance. When a system is 
grounded through reactance less than that of a ground-fault neutral¬ 
izer, the zero-sequence impedance viewed from the fault is inductive 
rather than capacitive and the zero-sequence resistance is relatively 
small; accordingly, the fundamental-frequency phase-to-ground volt¬ 
ages will not exceed normal line-to-line voltage, and the neutral-to- 
ground voltage will not exceed normal line-to-neutral voltage. 

Following the sudden occurrence of a fault, systems with neutrals 
grounded through reactance will have maximum transient voltages- 
to-ground on the unfaulted phase not exceeding 2.73 times normal. 
The voltage-to-ground at the neutral will not exceed 1.67 times normal 
line-to-neutral voltage. See Figs. 1*11, 1*12, 1-16, and 1*17. 

3. Neutral Grounded through Resistance. When a system is 
grounded through resistance, the zero-sequence impedance viewed from 
the fault may be inductive or capacitive, depending on the number and 
location of the neutral grounding points and the amount of connected 
line or cable. With low-resistance grounds, X 0 will ordinarily be posi¬ 
tive and the fundamental-frequency phase-to-ground voltages will, 
in general, not exceed normal line-to-line voltage, and the neutral-to- 
ground voltages will not exceed normal line-to-neutral voltage. With 
high-resistance grounds, X 0 may be negative. In that event, phase- 
to-ground voltages may be greater than normal line-to-line voltages, 
and neutral-to-ground voltages greater than normal-line-to-neutral 
voltages. See Figs. 1*1 and 1*2. 

If low-resistance grounding is used, the natural-frequency voltages 
are practically eliminated and the maximum voltages are essentially 
the fundamental-frequency voltages which, however, are generally 
higher than the fundamental-frequency voltages obtained with corre¬ 
sponding values of neutral-grounding reactance. 

4. Systems Grounded through Ground-Fault Neutralizer. For sys¬ 
tems grounded through ground-fault neutralizers, with resistance ne¬ 
glected, X 0 is infinite; with resistance included, R 0 is very large, while 
X 0 is also very large and by tuning can be negative or positive. Based 
on either assumption, the fundamental-frequency voltages on the un¬ 
faulted phases at the fault following a line-to-ground fault are essen¬ 
tially line-to-line voltages. They are not increased by the presence 
of fault resistance. The maximum transient voltages-to-ground of 
the unfaulted phases are less than 2.73 times normal, and of the neu- 
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tral-to-ground less than 1.67 times normal line-to-neutral voltage. 
See Figs. Ml and 1-14. 

5. Isolated Neutral. In an isolated-neutral system X 0 is negative 
and of the order of magnitude of the zero-sequence capacitive react¬ 
ance while Ro/Xx is relatively small. From Figs. 1*1 and 1*2, the 
fundamental-frequency voltages obtained may be in excess of normal 
line-to-line voltage; and in some cases, particularly when the system 
is large in extent, they may be considerably in excess, so that a very 
undesirable condition is created when faults occur. The fact that 
such voltages may be obtained makes it highly desirable that under no 
condition of operation shall a system lose its grounding points, if by 
so doing it is likely to be in the region of resonance or near resonance. 
Otherwise, damage to the protective equipment or flashover of major 
equipment may result. 

1-5 THE TRANSIENT ANALYZER 

The major parts of the equipment that made up the original 
transient analyzer are shown in Fig. 1-18. 

Briefly, the device consists of the following component parts: 

1. Tapped inductive reactors for simulating transformer, generator, 
or other lumped reactances. 

2. Capacitors of suitable sizes for simulating the capacitance of 
transmission lines, cables, or capacitor banks. 

3. Resistors of suitable ohmic range to simulate resistance loads, 
losses in transmission lines, or losses of other kinds. 

4. Artificial transmission-line units, for simulating transmission¬ 
line behavior under transient conditions. 

5. Single-phase 1:1 turn ratio transformers having special satura¬ 
tion characteristics to simulate those of large power transformers. 

6. A three-phase 60-cycle, 110-volt sine-wave variable-speed gen¬ 
erator for energizing the miniature system. 

7. Various recurring synchronous switches (both electronic and 
mechanical) for performing the desired switching operations in the 
miniature systems. 

8. A cathode-ray oscillograph for observing the transient voltages 
and currents resulting from an imposed fault or switching condition. 

9. A means for photographing the trace appearing on the cathode- 
ray oscillograph screen when a permanent record is desired. 

10. Two ground-fault neutralizer coils designed to have per-unit 
saturation characteristics closely duplicating those of large full-volt¬ 
age units. 
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11. Miniature Thyrite arresters. These are small wafers of Thyrite 
material about % inch in diameter which can be stacked in a variety of 
combinations so that it is possible to simulate an arrester of almost 
any voltage rating. 

Some of these component parts require no further description. Cer¬ 
tain items in the preceding list have been selected or designed to have 



Fig 1*18. The electric circuit transient analyzer. 


characteristics that make them particularly suitable for this type of 
work. Only those items will be selected for further consideration. 

Each of the artificial transmission-line units was designed to repre¬ 
sent ten miles of typical three-phase overhead line. Sixty such units 
are included in the device, making it possible to simulate 600 miles of 
actual three-phase transmission line. The equivalent circuit used in 
each line section is shown in Fig. 1*19. 

The three-phase generator is large enough so that its terminal volt¬ 
age remains essentially constant regardless of the transient conditions 
imposed in the miniature system which it energizes. 

The recurring switching devices used are of several types, the type 
being used depending on the problem under investigation. For certain 
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problems, the electronic switches have definite advantages in flexibility 
and precision, particularly when circuit interruption at a current zero 
is desired. This advantage becomes more apparent when high natural 
frequencies are encountered. 

A synchronous motor-driven mechanical switch having four sepa¬ 
rate drums each having two contactors is used advantageously in 
many cases. Each contactor is equipped with a vernier control which 
changes the instant of switching 36 electrical degrees for each revolu- 


L\ R\ 



Fig. 1 • 19. Artificial line section connections. 


lion of the control knob. The drum rotates at a speed of 360 rpm 
when the motor is energized from a 60-cycle voltage source. Generally 
this is used directly to perform a required switching operation, but 
occasionally it has been found desirable to use this switch to perform 
switching operations in the grid circuits of thyratron tubes which in 
turn would simulate the desired switching operations in the miniature 
system. The synchronous switch drums can be driven at other speeds 
simply by changing the gear ratio between driving motor and the drum 
shaft. 

The cathode-ray oscillograph used in the analyzer is of standard 
design. Provision has been made for eliminating certain portions of 
the trace from the screen, leaving only the portion desired for observa¬ 
tion. In addition, a selsyn is used in the sweep synchronizing circuit 
to control the position of the trace on the screen. A sufficient amount 
of amplification is built into the oscillograph, so that, in addition to 
providing a means for directly measuring voltages, generally a %-ohm 
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resistor affords adequate voltage drop for measuring currents as well. 

Items of equipment requiring further description will be discussed 
as the need arises in later chapters. 
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2 EFFECT OF SALIENCY 
ON OVERVOLTAGES DURING FAULTS 

2-1 INTRODUCTION 

In the preceding chapter it was shown that, in general, unbalanced 
faults on a power system cause overvoltages on the unfaulted phases. 
These overvoltages were evaluated for systems that were made up of 
static impedance elements. In these networks, voltages of only funda¬ 
mental frequency were generated even under unbalanced fault condi¬ 
tions. For systems that have no water-wheel generators in them, or, 
more specifically, that have no water-wheel generators without ade¬ 
quate amortisseur windings, the analysis as presented in Chapter 1 is 
sufficient. However, if water-wheel generators without amortisseur 
windings are connected in the system under study, then the overvolt¬ 
ages during unbalanced faults may be increased considerably because 
of the saliency effect which results in additional generated voltage 
components of higher harmonic order than the fundamental. The 
overvoltage increase may be abnormally high if the load on the system 
is predominantly capacitive. 

Briefly stated, there are two reasons for this additional increase in 
overvoltage during unbalanced faults on a salient-pole machine: 

1. The difference in permeance of the magnetic circuit in the direct 
and quadrature axes. 

2. The capacitance of the line (or equivalent) at the terminals of 
the machine. 

The first of these is the basic cause that produces, under unbal¬ 
anced fault conditions, distorted (i.e., fundamental-frequency plus 
higher harmonic) voltages on the unfaulted phases which may have 
high peak values even with no terminal impedance present, capacitive 
or otherwise. The second may lead to resonance or partial resonance 
between the reactance of the machine and the terminal capacitance 
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which will produce still greater distortion of the voltages on the un¬ 
faulted phases. The conditions for resonance will depend not only on 
the circuit constants but also on the type of fault as will be shown 
subsequently. 

The qualitative effects have been known for some time, and quan¬ 
titative analysis has disclosed much since about 1935. Mandl 1 has 
made an extended study of overvoltages caused by single-phase short 
circuits with terminal capacitance and has shown the existence of 
resonant points and the possibility of obtaining high voltages on the 
faulted phases of machines with electrically unsymmetrical rotors. 
Wagner 2 has made an experimental study of the problem. Doherty 
and Nickle 3 have shown that the magnitude of open-phase voltage 
during single-phase short circuit of an unloaded machine is a function 
principally of the ratio of quadrature-axis reactance to direct-axis re¬ 
actance; Park and Skeats 4 similarly have shown how this ratio affects 
recovery voltage. Still another investigation 5 of double-line-to- 
ground faults has given expressions for the open-phase voltage for 
that case. 

2-2 A SPECIFIC EXAMPLE-A DIFFERENTIAL-ANALYZER STUDY 

In order to present clearly the consequences of the saliency effect 
on overvoltages during faults, a specific system subjected to a line-to- 
line fault will be discussed. The system is that which was studied in 
reference 6, and most of the material in this chapter is taken from this 
reference. The system is shown in Fig. 2-1. Actually it may be 
thought of as a system consisting of a generator, a transformer, and 
an open transmission line. A line-to-line fault was applied by closing 
the switch at the terminals of the transformer. This type of fault 
was selected for study since it may result in some of the highest 
overvoltages when the saliency effect is included. This is in contrast 
with what was pointed out in Chapter 1, that, neglecting the saliency 
effect and with Zi = Z 2 , there is no overvoltage on the unfaulted phase 
during a line-to-line fault. In faults not involving ground the pres¬ 
ence of overvoltages depends primarily on the fact that the synchro¬ 
nous machines supplying the fault current are not electrically sym¬ 
metrical-rotor machines. 

The system of Fig. 2-1 was studied by means of a differential ana¬ 
lyzer. The detailed equations, nomenclature, and connection dia¬ 
grams for this method of solution will be given in Appendix I. An 
approximate method of calculation of such overvoltages for any type 
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of fault together with equivalent circuits will be given in this chapter. 
For the first part of this chapter it will be preferable to summarize the 
results and to tabulate the machine and system constants used to ob¬ 
tain these results. With this arrangement it will be possible for the 
reader to make use of these results without following through the 
derivation of the mathematical relationships involved. For the bene¬ 
fit of those who may be interested in the basic theory, Appendix I 
will include the derivation of the pertinent equations. 

The procedure in the analysis was to select certain machine con¬ 
stants and then, for a given value of terminal capacitance, make a 


Amortisseur in 



Fig. 2*1. System studied using differential analyzer. 


run on the differential analyzer for some arbitrary initial conditions. 
It was soon established that the highest overvoltages, as one might 
predict, were obtained for the short circuit occurring at the instant of 
maximum flux linkage in the shorted phases except near the third- 
harmonic resonant point where there was no appreciable difference in 
overvoltage with angle of fault application. Consequently, after 
establishing that fact, all overvoltages were determined for short cir¬ 
cuits occurring at the instant of maximum flux linkage. 

For each set of machine constants, the amount of terminal capaci¬ 
tance was varied in successive runs to cover the range in general of 
about Sx 2 < x c < 30 x 2 where x 2 is the average of the direct- and quad¬ 
rature-axis subtransient reactances including the external reactance. 

The machine constants for a group of cases studied are shown in 
Table 2*1. Refer to Appendix I for nomenclature. 

The machine constants were taken as average values for salient- 
pole (water-wheel) generators, except for the constants of the addi¬ 
tional rotor circuits, which were varied over a wide range. The con¬ 
stants (see Nomenclature, Appendix I, and Fig. 2*2 for definition of 
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TABLE 21 


Case 

Xd" 

rr " 
x q 

Xd" + Xj", 

2 ( “ Is) 

xj'/xj 

1 

0.439 

0.456 

0.447 

1.04 

2 

0.456 

0.490 

0.473 

1.07 

3 

0.478 

0.544 

0.511 

1.14 

4 

0.489 

0.567 

0.528 

1.16 

5 

0.439 

0.516 

0.477 

1.17 

6 

0.456 

0.553 

0.504 

1.21 

7 

0.478 

0.616 

0.547 

1.29 

8 

0.489 

0.650 

0.569 

1.33 

9 

0.556 

0.900 

0.728 

1.62 

symbols) used 

in this study 

were 

the following in 

per-unit 


machine rating. 


xi = 0.20 



XadXf _ _ 


Xad 

— - 

— = 0.18, 

Xd 


Xad + Xf 


X a q 

= 0.52, 

x t = 0.72 


Xkd 

= 0.02 



r kq 

= 0.02 for Cases 1-4 


r *9 

= 0.04 for Cases 5-8 



Case 

Xlcd 

Xleq 


1 

0.09 

0.09 


2 

0.14 

0.14 


3 

0.22 

0.24 


4 

0.29 

0.29 


5 

0.09 

0.18 


6 

0.14 

0.26 


7 

0.22 

0.43 


8 

0.29 

0.56 


9 

00 

00 


Cases 1 to 4 are for amortisseur windings with substantially sym¬ 
metric leakage reactances; Cases 5 to 8 apply to amortisseurs with 
quadrature-axis leakage reactance substantially twice that of the 
direct axis. Case 9 represents a machine with no amortisseur. In all 
these cases the series impedance (Fig. 2-1) consisted of a reactance 
of 0.18 per unit and a resistance of 0.05 per unit except as otherwise 
indicated. Also in Cases 2 and 6, the amortisseur resistances were 
varied. 



Direct-axis 
equivalent circuit 


x i 



Quadrature-axis 
equivalent circuit 


Fig. 2-2. Direct- and quadrature-axis equivalent circuits of synchronous machine. 




Fig. 2*3. Voltage-time curves determined by differential analyzer. 
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Differential analyzer solutions for several cases are shown in Fig. 
2-3. Here the unfaulted phase voltage e a is shown as a function of 
time for several cases studied. 

Figures 2-4 to 2*6 show additional results obtained. On these 
curves are recorded the maximum voltage reached in the first four or 



Fig. 2*4. Maximum overvoltage due to line-to-line fault on salient-pole synchronous 
generator—effect of amortisseur winding. 

five cycles following short circuit, as read from curves of instantaneous 
voltage versus time from analyzer solutions such as are shown in 
Fig. 2-3. 

It is seen that as a function of the ratio of line capacitive reactance 
to average generator subtransient reactance (or negative-sequence 
reactance) the overvoltage curves have the same characteristic shape 
for all machines. Voltage peaks are observed at x r /x 2 = 9.0 and x c /x 2 
= 25, which correspond to series resonance of the line capacitance 
with the negative-sequence reactance for the third and fifth harmonics, 
respectively. 






A SPECIFIC EXAMPLE-A DIFFERENTIAL-ANALYZER STUDY 39 

Figure 2*4 shows how the addition of the amortisseur winding of 
Case 6 reduces the maximum voltage to about half of the value ob¬ 
tained with no amortisseur winding, and also the further reduction ob¬ 
tainable by the use of the amortisseur of Case 2. This latter is par¬ 
ticularly noticeable at the resonant point x c /x 2 = 9.0. The overvolt¬ 
ages obtained when line capacitance is not considered are indicated 
at the extreme right of the figure. Line capacitance is seen in general 
to increase the voltages obtained, especially when it is great enough 
to approach the point of third-harmonic resonance. 



xc/x 2 

Fig. 2-5. Maximum overvoltage due to line-to-line fault on salient-pole synchronous 
generator—effect of amortisseur reactance. 


Figures 2-5 and 2*6 show the effect of variation of the amortisseur 
leakage reactances. Figure 2 • 5 covers the range of amortisseurs with 
symmetrical-leakage reactances (Cases 1-4); Fig. 2*6 covers the range 
of unsymmetrical amortisseurs (Cases 5-8). As would be expected, 
the low-reactance windings are the most effective. As an indication 
of the relative effectiveness of the several amortisseur windings Table 
2*2 is given. 

TABLE 2-2 


Case 

Co 

e o 

— * 

Co — 1 

1 

1.08 

1.6 

7.5 

2 

1.15 

2.0 

6.66 

3 

1.28 

2.85 

6.6 

4 

1.32 



5 

1.35 

3.15 

6.15 

6 

1.42 

3.75 

6.55 

7 

1.58 

5.15 

7.15 

8 

1.66 

6.1 

7.73 

9 

2.24 

8.0 

5.65 
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In this table, the e 0 column contains the maximum open-phase volt¬ 
ages obtained by the formula 


eo = 



1 


[2*1] 


in which the subtransient reactances include the external inductive 
reactance. This is the expression for open-phase voltage given by 



Fia. 2*6. Maximum overvoltage due to line-to-line fault on salient-pole synchronous 
generator—effect of amortisseur reactance. 

Doherty and Nickle, neglecting capacitance and assuming constant 
amortisseur flux linkage and short circuit at the instant of maximum 
flux linkage in the shorted phases. The e c column contains the maxi¬ 
mum voltages found by means of the differential analyzer under the 
worst condition of connected external capacitance x c /x 2 = 9.0. The 
last column gives the ratio of maximum excess voltage (e c — 1) with 
capacitance to the excess voltage (e 0 — 1) for an open-circuited ma¬ 
chine. This ratio is s?en to be very nearly a constant quantity since 
the armature time constant was not varied very much (r a = constant 






A SPECIFIC EXAMPLE—A DIFFERENTIAL-ANALYZER STUDY 


41 * 


= 0.05) and the field resistance was constantly zero. Since the maxi¬ 
mum voltage e c occurs several cycles after short circuit it will be some¬ 
what reduced if allowance is made for the decay of field flux linkage, 
whereas, on the other hand, the voltage e 0 , which occurs in the first 
cycle, will not be affected appreciably. 

In general, the overvoltages depend principally on the reactances 
x d ", x q f \ and x 0 , the effect of the resistances r^, r kq , and r a being of sec¬ 
ondary importance except in the case of r a at or near one of the 
resonant points. This is particularly noticeable at x c /x 2 = 9.0. Fig- 



Fig. 2-7. Overvoltage due to line-to-line fault on salient-pole synchronous gen¬ 
erator—effect of amortisseur resistance. Case 6, x c /x 2 * 9.9, x q "/xd" ■ 1.21; Case 2, 
x c /x 2 = 10.6, x q "/x d " = 1.07. 

ure 2*7 shows how, at a particular value of line capacitance and for 
machines of Cases 2 and 6, the overvoltage is affected by changes of 
the amortisseur resistances in the ratio of 32 to 1. For the cases in¬ 
vestigated, amortisseur resistance evidently has very little effect. 

The effect of line resistance r a in reducing the magnitude of over¬ 
voltage is seen in Fig. 2*8 for the machine of Case 9 with a rather 
large line capacitance. This is not a resonant case. At a resonant 
point the line resistance has much more effect, the voltage in some 
cases being almost inversely proportional to resistance. 

It should be pointed out in connection with numerous curves like 
those shown in Fig. 2*3, the voltages in the first few cycles are only 
slightly if at all higher than the values during later cycles after the 
transients caused by the amortisseur and stator resistances have died 
away (if the decay of field flux linkages is neglected). In fact, in the 
region where the highest overvoltages are likely to occur, i.e., near 
x 0 /x 2 = 9.0, the voltage requires several to its peak 

value, which occurs after armature transieijl^S^vsmiJwd. 
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Furthermore, inspection of numerous voltage-time curves such as 
those shown in Fig. 2-3 reveals that the voltage consists principally 
of a term of fundamental frequency and one having the frequency 
y/x c /x 2 in per-unit. 



Fig. 2-8. Overvoltage due to line-to-line fault on salient-pole synchronous gen¬ 
erator—effect of line resistance. Case 9, x c /x 2 = 6.86. 

2*3 CALCULATION OF OVERVOLTAGES 

In view of the foregoing discussion, one may conclude that for 
machines with amortisseur windings a good approximation to the 
voltages may be reached neglecting rotor resistances and also neglect¬ 
ing armature transients. If this is done a relatively simple method of 
calculation is available as will be shown. The results of calculations 
based upon this method show approximate agreement with those 
found with the differential analyzer. Figure 2*9 presents a compari¬ 
son of calculated and analyzer results for Case 6. 

For the synchronous machine with no amortisseur windings (Case 
9) the armature transients had to be considered in order to obtain a 
reasonable check. Figure 2-10 shows a curve of voltage versus time 
determined by the differential analyzer compared with a step-by-step 
solution of the equations given later for r a = 0, x c = 5, and no amortis¬ 
seur. The complete solution including armature transients has also 
been found analytically as explained later, and points calculated by 
the formula developed are shown in Fig, 2 • 10. 
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Fig. 2-9. Comparison of calculated steady-state overvoltages with differential- 
analyzer results. Case 6, = 1.21. 



Fig. 2-10. Overvoltage following line-to-line fault on salient-pole synchronous 

generator. 
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In Appendix I, equations A [1 ■ 16] and A [1*17] show that the volt¬ 
age is a function of the three ratios y/x, r/x, and x 0 /x. The ratio y/x 
is simply related to the ratio x/'/x/' by the formula, 

( i + D ( ,+ £)- 2 ,2 - 21 

while x is very nearly the negative-sequence reactance x 2 . The volt¬ 
age produced is thus a function of Xq'/xj', the armature short-circuit 
time constant x 2 /r, and the ratio of x c /x 2 . Moreover, if only the maxi¬ 
mum possible overvoltage obtainable is of interest, x c /x 2 will always 
be very nearly 9.0, and so the voltage is a function only of x q "/x d ” and 
x 2 /r. This, however, neglects all rotor decrement factors. 
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Fig. 2-11. Overvoltage due to line-to-line fault on synchronous machine—com¬ 
parison of test and analyzer results. x q "/xd' = 1.52. 


2*4 COMPARISON WITH TEST RESULTS 

In order to check the results obtained by calculation and by the 
differential analyzer several tests were made. In general, the maxi¬ 
mum voltages recorded in test have been somewhat lower than those 
indicated by the analyzer. This is believed to be principally because 
the machines tested had rather low field time constants (about one 
second open circuit). The rapid decay of field flux prevented the 
high build-up of voltage at resonant points so that the maximum volt¬ 
age always occurred in the first two or three cycles. Three methods 
of comparing test and calculated results were therefore used. One 
was to increase the voltage ordinates obtained in test oscillograms in 
inverse proportion to the field flux; another was similarly to decrease 
the analyzer curves or more simply to read the analyzer voltage 
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peak at the point of maximum test voltage. Since the maximum volt¬ 
age measured in test always occurred in a very short time* it was not 
necessary to correct for field flux in the last method. 

Figure 2*11 shows a comparison of a curve of maximum test over¬ 
voltage with the overvoltage obtained by the differential analyzer in 
the same time. The overvoltage with no capacitance is also shown 
and compared with the calculated value. In this case the ratio 
(e 0 _ l)/(e 0 — 1) is 2.45/0.92 = 2.66 instead of about six as would be 



Fig. 2*12. Overvoltage due to line-to-line fault on synchronous machine—test 
results. Upper curve, x q "/xd n = 1.7. Lower curve, x q "/xd" = 1.0. 


obtained with infinite field time constant and a lower armature re¬ 
sistance. 

Figure 2*12 shows a comparison of test overvoltages obtained on 
the same machine with different amortisseur windings. It is seen that 
for x q ”/Xd =1.0 there is no appreciable overvoltage, whereas for 
x q /x d " = 1.7 the voltage reaches 4.05 times normal at the third-har¬ 
monic resonance point. With no capacitance the maximum voltage 
is 2.32. Here the ratio (e c — l)/(e 0 — 1) = 3.05/1.32 = 2.3. 

Figure 2-13 (a) shows the oscillogram (third from top) from which 
the maximum overvoltage at the highest peak of Fig. 2*12 was ob¬ 
tained. The oscillogram shows line-to-line voltage, whereas Fig. 2-12 
shows line-to-neutral voltage, and so the ratio of voltage after short 
circuit to voltage before short circuit read from the oscillogram is 
0.866 times the ratio plotted in Fig. 2-12. A few other typical oscillo¬ 
grams are also given in Fig. 2-13. 
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Fig 2 13 Oscillograms of Ime-to-hne fault on salient-pole synchronous machine 
Curves A and B , line currents, curves C, D, and E , hne-to-line voltage, curve F , 
field current (o) x q ”/xd" ** 1 7, (6) x q '/xj' « 1 0 
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C unm A and B -line currants 
Curves C, D, and E~Mne-to~£ne voltage 
Curve current 

, x,yxir»w , 


( 6 ) 

Fig. 2-13 (Continued). 








48 


EFFECT OF SALIENCY 


In the tests it was found that the values of subtransient reactance 
to be used in computing overvoltage could be determined most easily 
and accurately by a static single-phase impedance test. Figure 2*14 
shows the test ratios for the machine of Fig. 2 • 12. The high ratio is 
seen to be affected by saturation, and the value used in checking the 
test overvoltage curves was that corresponding to the calculated offset 
rms single-phase short-circuit current. The tests shown in Fig. 2*12 
were taken at reduced voltage. For short circuits at full voltage the 

ratio x q "/x d " is about 1.5 and the over¬ 
voltage is correspondingly reduced. 

2-5 DISCUSSION 

The Ratio x q "/x d ". It has been 

brought out above that overvoltage is 
principally a function of the ratio 
x q ”/x d ”. However, except for faults 

directly at the machine terminals there 
will be a reactance in series with the 
machine reactance. Therefore, in gen¬ 
eral a low average subtransient re¬ 
actance is also desirable since for the 
same ratio x"/x” at the machine ter¬ 
minals the effective ratio at the fault 
will be lower with lower machine re¬ 
actance. Thus, aside from their effect on the ratio as measured at the 
machine terminals, amortisseur windings will usually reduce the over¬ 
voltage produced. 

The ratio x q "/x d " is always highest at the machine terminals. It 
does not necessarily follow that faults directly at the terminals will 
always result in the highest voltages. In the circuit of Fig. 2*1, the 
reactance should be taken to the point of fault, whereas the capaci¬ 
tance is, to a first approximation, that of the whole open line or lines. 
For a particular case it is therefore conceivable that third-harmonic 
resonance may occur for faults out on the line and that the resultant 
voltage may be higher despite the decreased effective ratio x”/x d f . 
In practice, however, one must usually take into consideration all pos¬ 
sible connected amounts of line. The highest possible overvoltages 
will then occur for faults at the machine terminals. 

Factors Limiting Overvoltage . The highest overvoltages indicated 
here will not in general occur in practice. Saturation will limit the 
voltages to a certain extent, and protective equipment will function. 


2.0 

1.6 

1.2 

j 

0.8 

0.4 



KW 



™ r c Ui 

v e 


See Fi 

g. 2.12 



lower 

curve 











0 12 3 4 

Per unit armature current 

Fig. 2 14. Ratio x q "/xd" deter¬ 
mined by single-phase static tests. 
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(b) 


Fig. 2*15. Line-to-line fault on salient-pole generator—maximum voltage at the 
point of fault, effect of reactance tie to system, (a) Curve A , no load, fault at maxi¬ 
mum flux linkage; Curve B , no load, fault at minimum flux linkage; Curve C 9 sym¬ 
metrical components, fundamental frequency only; Curve D , with x Q " — xa". O, 20° 
load angle, fault at maximum flux linkage. 
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The saturation effect, however, will not be nearly so great as might be 
supposed from an inspection of only the magnitude of the voltage 
peaks, since the fundamental component is usually only slightly higher 
than normal, the highest values recorded consisting principally of a 
third-harmonic component. Lightning arresters may be expected to 
be damaged by the high sustained voltages. Also, generally the ma¬ 
chine will be connected to a system. In order to evaluate the effect 

Zero potential Zero potential 



—► i a ~~ 2io 

Fig. 2-16. Equivalent circuit for line-to-ground fault for determining harmonic 

currents and voltages. 

of a connected system on overvoltage Fig. 2*15 has been included. 
Figure 2 *15 (a) shows how in a particular case where x q " = 0.90, 
x d " = 0.55, the overvoltage caused by line-to-line short circuit is re¬ 
duced by the system tie reactance x e . All the curves are for the condi¬ 
tion of no load and equal voltages on machine and infinite bus. Curve 
A is for short circuit at maximum flux linkage in the shorted phases 
and approaches the value of equation [2*1], as the tie reactance ap¬ 
proaches infinity. Curve B is for short circuit at minimum flux link¬ 
age. Curve C shows the voltage that would be obtained by the con¬ 
ventional symmetrical-component calculation. The symmetrical-com¬ 
ponent method is found to give substantially the fundamental-fre¬ 
quency component of voltage. The effect of generator load angle on 
the maximum overvoltage is indicated by the single point at x e = 1.0. 

Figure 2*15(5) shows more generally the effect of x q ”/x d ” and the 
reduction in voltage caused by a reactance tie to an infinite bus. All 
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resistances and capacitances were neglected in calculating the curves 
of Fig. 2 • 15. 

Faults Involving Ground. A line-to-line fault was chosen here be¬ 
cause the overvoltage depends primarily on the ratio x/'/x/', whereas, 
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Fig. 2 • 17. Equivalent circuit for line-to-line fault for determining harmonic currents 

and voltages. 


Zero potential Zero potential 



Zero potential 
for 0-network 

Fig. 2-18. Equivalent circuit for double line-to-ground fault for determining har¬ 
monic currents and voltages. 

for ground faults, the overvoltage is affected also by the method of 
system grounding. The great majority of faults on power systems 
involve ground, the line-to-line fault being a less frequent occurrence. 

Equivalent circuits for determining instantaneous currents and volt¬ 
ages following faults are given in Appendix I for line-to-ground, line- 
to-line, and double-line-to-ground faults. See Figs. 2*16, 2*17, and 
2*18. From these circuits and either of the methods of calculation 
given in Appendix I, overvoltages following faults can be determined. 
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Figure 2*19 gives resonance regions to third-harmonic currents for 
the three types of faults when the fault occurs at the terminals of 
a salient-pole machine connected through impedance to any symmetri- 



Fig. 2*19. Third-harmonic resonance regions for various types of faults. Curve A, 
line-to-ground fault, grounded system, xq = X 2 / 2 ; xo e “ xu) Co — O. 6 C 1 . Curve B, 
line-to-ground fault, grounded system, xo = xi/2\ xo e * x\ e ; Co — C\. Curve C, 
double line-to-ground fault, grounded system, xo = Xi/2; xo« = xi«; Co =* O. 6 C 1 . 
Curve D, double line-to-ground fault, grounded system, xo “ 2 ^/ 2 ; xo« = xi e ; Co ** 
Ci. Curve E , line-to-line fault. Curve F, double line-to-ground fault, ungrounded 
system, Co = O. 6 C 1 . Curve G, double line-to-ground fault, ungrounded system, 
Co m Ci. Curve H, line-to-ground fault, ungrounded system, Co * O. 6 C 1 . Curve /, 
line-to-ground fault, ungrounded system, Co ■* Ci. 

cal external system in which the positive- and negative-sequence im¬ 
pedances are equal. Resistance is neglected. 

Equivalent circuits representing the external system in the positive- 
and zero-sequence network are shown in Fig. 2*19. These circuits 
consist of a capacitive reactance x c and an inductive reactance x e in 
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parallel. In a complex external system, x clf £<*>, x le , and Xo e of the 
equivalent circuits in general will not be constant for all harmonics. 

Figure 2-19 indicates that with a line-to-ground fault and the as¬ 
sumed ratios of x 0e /x le and x 0 /x 2 the capacitance required to cause 
resonance on a grounded system is high. Even with open lines, a value 
of x c i/x 2 as low as 5.4 would probably seldom be found in actual sys¬ 
tems. For the ungrounded system, the amount of capacitance re¬ 
quired for resonance is only about one-fourth to one-fifth as much and 
the ratio x c \/x 2 lies in a not uncommon region for large systems with 
long transmission lines. 

Other Functions of Amortisseur Windings. Limitation or reduction 
of overvoltage is not, of course, the only function of an amortisseur 
winding, and it is necessary to keep the other aspects of amortisseur 
applications in mind in order to determine properly the best winding 
for a particular machine. The damping action for rotor oscillations 
about a steady-state operating angle is determined principally by the 
amortisseur resistance. A low resistance gives in general the largest 
damping coefficient for slow oscillations. From the standpoint of sta¬ 
bility the damping action of amortisseur windings is beneficial, but 
here a high-reactance winding which will limit the fault current is de¬ 
sirable. An amortisseur winding will also keep the field voltage on 
open circuit from reaching dangerous values. These functions do not 
involve the ratio x q "/x d ". However, the recovery voltage on clearing 
faults has been shown 4 to depend on this ratio. 
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3 SYSTEM VOLTAGE 
RECOVERY CHARACTERISTICS— 
FUNDAMENTAL CONCEPTS 

3*1 INTRODUCTION 

In Chapters 1 and 2 we have considered what happens in a power 
system when a fault suddenly occurs. Although the frequency of 
occurrence of faults in power systems can be reduced to an acceptable 
minimum by proper design and operation of the system, such faults 
cannot economically be eliminated completely. Therefore their occur¬ 
rence must be accepted, and the system must be designed in such a 
way that any faulted portion can be (1) located quickly by means of 
appropriate relays or other protective devices and (2) separated from 
the main portion of the system with the minimum of disturbance to 
that main portion of the system. In other words, the faults must be 
located and the short-circuit currents must be interrupted by the 
proper equipment. Devices for these purposes are known as protective 
devices. 

Electrically, a power system is an oscillatory network, so that it is 
logical to expect that the interruption of fault-current flow will give 
rise to a transient in a manner similar to that which accompanied the 
sudden application of a fault in Chapter 1. In general, this transient 
will be composed of a fundamental-frequency term and one or more 
natural-frequency terms. There may or may not be harmonic terms 
of significance, depending on whether the effect of saliency is impor¬ 
tant or not. 

It is the purpose of this chapter to inquire more carefully into the 
exact nature of such system voltage recovery characteristics under a 
variety of fault-and system conditions. For some conditions, gen¬ 
eralized curves will be included to show the effects of several signifi- 
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cant factors upon the rate of rise and, the magnitude of the transient 
recovery voltage. 

3-2 AN INTRODUCTORY PROBLEM 

In order to present the elements of the phenomena, consider the 
simple single-frequency circuit of Fig. 3*1. Initially in this circuit, 

L 



Fia. 3*1. Single-frequency circuit used to illustrate transient recovery voltage. 


assume that the switch is closed (i.e., a fault has occurred). Let the 
generated voltage be 

e g = E g cos cot [3-1] 

and the fault current will then be 

E g 

if = 1/ sin cot = — sin cot [3*2] 


where a> is 2 tt times the fundamental frequency in cycles per second 
and L is in henries. 

If the switch is opened, the flow of fault current will be stopped and 
a voltage known as the transient recovery voltage will appear across 
the switch. Assume that this circuit interruption is timed so that the 
interruption is completed instantaneously at a time t = 0 when the 
value of if = 0 as shown in Fig. 3-2. The dashed curve labeled e 8 is 
the voltage that would exist across the switch if it were open and 
steady-state conditions were attained. The voltage across the switch 
is, of course, zero during the period of fault-current flow. Immedi¬ 
ately after the switch is opened, the voltage across the switch builds 
up to approximately twice the fundamental-frequency peak magni¬ 
tude in accordance with the high-frequency oscillation of the circuit. 

To simulate this condition mathematically, it is only necessary to 
inject in the faulted circuit a current such that the resultant current 
flowing through the switch is made zero. The voltage appearing then 
across the switch contacts is the recovery voltage. If at t = 0 we in¬ 
ject the current — v in the direction of current flow indicated, or i f in 
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the opposite direction, the operational expression for the recovery 
voltage is 

Vr(p) - if (p)Z(p) [3-3] 

where Z(p) is the operational impedance of the circuit viewed from the 
switch. For the circuit of Fig. 3 • 1, this operational impedance is 



where p is the operator d/dt , C is the capacitance in farads, and L is 
the inductance in henries. 


Recovery voltage, 




X N' 

/ ./ \ 




" 111,1 _ 
CWk fl 


Fig. 3 -2. Recovery voltage for circuit of Fig. 3 1. 

Substituting equations [3-2] and [3 • 4] in equation [3-3] and solving 
operationally, we get 


where E 8 is the peak voltage of fundamental frequency appearing across 
the switch when it is open. The second term is the natural-frequency 
term, and, in magnitude, it is equal to the peak value of the fundamental- 
frequency term. The natural frequency in cycles per second is 


2x VLC 


where L is in henries and C in farads. 
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The recovery voltage V R reaches a maximum value of essentially 
2 E a at a time approximately % cycle of natural frequency after the 
switch is opened. This is true when the natural frequency is high with 
respect to the fundamental frequency and when losses are insignifi¬ 
cant. Losses will reduce the maximum value of V R) of course. If the 
natural frequency is high as compared to the fundamental, then equa¬ 
tion [3*5] may be written 


' , ‘= £: '( 1 - 0 “vb) 1371 

This expression is generally valid for the interval of time between the 
opening of the switch at t = 0 and the time at which the maximum 
value of V R is reached. This is the transient voltage recovery period 
of much significance to the designer and user of circuit interrupting 
equipment. 

3-3 COMPOUND TRANSIENTS 

In the preceding section, it was assumed that the fault current pre¬ 
ceding interruption contained only a fundamental-frequency term. 
In other words, the circuit was not in a transient state before the 
switch was opened. There are times when this is not the case, e.g., 
when an expulsion protector tube operates. Ordinarily, the total time 
from the instant of fault occurrence to the removal of the fault is less 
than one cycle of fundamental frequency. Overvoltage arresters in 
general operate within a similar period of time. As higher speed 
switching has been developed, the transient fault current has been of 
increasing importance to the designers and users of circuit breakers. 
Consequently, in general the transient accompanying the occurrence 
of the fault is of importance since it may not have disappeared when 
the second transient, due to the circuit interruption of the fault cur¬ 
rent, begins. Therefore it is of interest to inquire with regard to the 
effects of such compound transients. 

The circuit of Fig. 3*1 will serve again for the purpose of illustra¬ 
tion. Since a fault may occur at any instant, the general case must 
be considered so that the transient fault current is obtained for any 
instant of closing the switch. As before, let 

e g = Eg cos o)t [3*1] 

Let the switch be closed at an instant defined by the angle 6 , such 
that 6 is positive if the switch is closed after a voltage crest. The 
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angle $ is the angle between the instant of positive voltage crest and 
the instant of closing the switch. The equation for fault current, if, 
is then (neglecting the capacitance discharge current) 


v(p) 

where e g = E g (cos cat + 6), and 


gg(p) 

pL 


V 


Eg 


[sin (c *>t + 6) — sin 0] 


[3-8] 


From this expression, it is apparent that the fault current has a d-c 
component, the magnitude of which is proportional to the sin 0 . If 
0 = 0 (fault occurring at crest voltage), then the d-c component is 
zero. If 0 = —90°, then the d-c component is positive and equal to 
the crest value of the normal frequency current. If 6 is +90°, the d-c 
component has a negative maximum value. Thus the normal fre¬ 
quency component may be completely offset with respect to the zero 
axis. This offset may occur with either polarity as shown in Fig. 3*3. 

With resistance neglected as in Fig. 3*1, it is relatively easy to de¬ 
fine the current zeros. If we wish to open the switch at the instant 
of the first zero occurring after closing the switch, the current given 
by equation [3*8] must be permitted to flow until a given time t 0 is 
reached corresponding to this instant of current zero. For any given 
value of 0 as already defined, the first current zero occurs at the 
smallest value of t 0 (other than zero) that satisfies the equation 


or 


sin ( cjto + 6) — sin 6 = 0 


[3*9] 


wto = t — 26 


[3 * 10] 


The current to be injected into the switch at this particular instant 
defined by t = t 0 is 


Eg 

— [sin (oot + w<o -f- 6) — sin 6] 
C oh 


E 

= —- [sin (o)t + x — 6) — sin 6] [3*11] 

o>L 

where t is now measured from the instant of current interruption. 

The recovery voltage transient is given by equation [3-3] where i f 
is given by equation [3-11] and Z{p) is given by equation [3*4]. 
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Fig. 3-3. Effect of instant of fault occurrence on the fault current if. 
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Fia. 3 -4. Effect of fault current transient on voltage recovery transient. 
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With this substitution, the solution of equation [3-3] operationally 
yields 

e r 

Vr = -——- - cos («< - e) 

o-r 


a i XL a ;„2 


xc 


-E.[ 


where 


cos a = 


' 6 cos ( /— — a 

Wlc )\ 

f XL ( 

cos 2 0 H-sin 2 0 cos 1 

xc y 

' 1 y 

[3 12] 

Wlc ). 

cos 0 


[3 13] 

/cos 2 0 + — sin 2 0 
\ X C 


I xl ■ „ 

A /—sm0 

\ Xc 




sin a = 




XL 

cos 2 0 H-sin 2 0 

xc 


[3*14] 


For such compound transient phenomena, several curves of transient 
recovery voltage are plotted in Fig. 3-4 to show the general effect of 0. 
If 0 = 0 (the fault occurring at voltage crest), then the recovery volt¬ 
age transient V R is the same as that given by equation [3*5]. For 
any other value of 0, the maximum value of V R is less. 

If XjJx c is small, as will usually be true, then equation [3*12] may 
be written 


V R 


^E a - 


cos (ut — 8) + cos 6 cos 


Vlc J 


[3*15] 


From this expression, it is clear that the magnitude of the natural- 
frequency component of the recovery voltage is proportional to cos 0. 
In other words, the greater the amount of d-c current flowing in a fault 
preceding interruption, the less will be the magnitude of the natural- 
frequency oscillation in the recovery transient under the assumed con¬ 
ditions of analysis. 
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3-4 COMPOUND TRANSIENTS AND DISTRIBUTED CONSTANTS WITH 
ARC VOLTAGE 

Certain types of interrupting devices which complete their function 
within one cycle of fundamental frequency after a fault occurs have, 
during the period of fault-current flow, a fairly constant arc voltage 
characteristic. An example of such a device is the expulsion protector 
tube. These devices are used for overhead line protection against out¬ 
ages arising primarily from lightning discharges. 

The ability of such devices to clear the power-follow current or 
fault current that flows subsequent to the initial lightning sparkover 
depends on the severity of the voltage recovery transient. The fault 
can be initiated at any instant, and the fault current will vary as has 
been discussed in the preceding section. During the period of fault- 
current flow, the device itself offers a fairly constant arc voltage drop. 
This voltage is of such a polarity as to oppose the flow of current. At 
the first current zero, the device will interrupt the circuit under proper 
conditions. The recovery transient is modified by this arc voltage 
so that its effect should be included in the analysis. Furthermore, 
since an overhead line is generally involved as part of the circuit, the 
distributed-constant nature of the transmission line must also be con¬ 
sidered. 

To illustrate the effects of these factors, consider the system of 
Fig. 3*5(a) which consists of a generator, a transformer, and a trans¬ 
mission line. Figure 3-5 (b) is a more revealing diagram with the 
above elements brought into the circuit. This equivalent circuit is 
easily arrived at if the system of Fig. 3-5(a) is a single-phase circuit. 
If it is not a single-phase circuit then the mutual surge impedances 
of the other phases must be included for correct results. For the 
present purposes, consider only a single-phase circuit. The protective 
device is located at the sending end of the transmission line. 

Let $ be defined as before and let E a be the constant arc voltage, 
represented by the battery in Fig. 3*5(6). Neglect the fault current 
transients due to the distributed-constant line. Let the surge imped¬ 
ance of the transmission line be Z. The differential equation for cur¬ 
rent in the fault is then 

V(P) = [3-16] 

pL 

where e g = E g cos (a >t + 6) — E a . Equation [3 • 16], when solved opera¬ 
tionally, yields 
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V 


E t E a t 

— [sin (tat + 8) — sin 6] - 

<aL L 


[3-17] 


This is the same as equation [3-8] with the addition of the E a t/L 
term. This arc voltage, E a , introduces a component of fault current 
— (E a t)/L which always subtracts from the sinusoidal component of 
fault current during the first loop. The quantity E a would have to 
change sign for the second loop and continue to reverse in sign each 




Fia. 3-5. Circuit for illustrating effect of compound transients and arc voltage in a 
distributed-constant system. 

time the current flow is reversed. However, for the interval of time 
from the closing of the switch until the first subsequent current zero, 
equation [3*17] is valid. In terms of the peak value of fundamental 
frequency it may be rewritten 

E 

if = sin (t + 6) — sin 0-- 1 [3 • 18] 

E g 

if t is in radians of fundamental frequency. The components of fault 
current are shown in Fig. 3*6 for some typical constants, and the 
effects of E a and 6 on the duration of fault current flow (until the first 
current zero) are shown in Fig. 3*7. The curves of Fig. 3*6 are easily 
identified with the proper components of equation [3*18]. The curves 
of Fig. 3*7 indicate that the time of fault-current flow is a function of 
0 and EjEg which is not easily expressed mathematically. 
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Fig. 3 - 6 . Fault current components when constant arc voltage is present. 
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Fig. 3 • 7. Effect of arc voltage drop on time of fault current flow. 
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With fault interruption taking place at the first current zero sub¬ 
sequent to fault application, the recovery voltage transient due to 
interruption will be 



V B '(p ) = if(p)Z(p) 

[3 19] 

where 

zp 

Z(p) - 

[3-20] 


V + ( Z/L ) 

and 

E a , 



it = sin (t + <o + 0) — s * n 0 - (to + 0 

E e 

[3-21] 


This equation comes from equation [3-18] by substitution of t 0 
as the value of time at which the fault current is zero. Substitution of 
equations [3-20] and [3-21] in equation [3*19] and solving opera¬ 
tionally yield 

E r Z E 

Vr = — cos a cos (t + to + 0 — a) H- - — e ~ {z/xL)t - sin 0 H- - 

Eg L xl E g 

E Z Z 1 

- -to -1-cos a sin (t 0 + 0 — a)\ [3 • 22] 

Eg XL XL J 

This is the recovery voltage transient appearing across the switch 
in the circuit of Fig. 3-5. The battery was put into the circuit merely 
to simulate the arc characteristic of the protective device; i.e., both 

the switch and the battery together represent the protective device 

with the stipulation that the battery is in the circuit while current 
is flowing but is not in the circuit as soon as current flow stops. 
Therefore the battery voltage should disappear simultaneously with 
the opening of the switch. This means that TV as given by equation 
[3-22] is not the complete solution for the transient recovery voltage. 
In order to get the complete solution, to equation [3-22] must be 
added the arc voltage — (E a )/E g which was there across the interrupt¬ 
ing device before it opened the circuit. The complete solution is then 


r ^ jg* 

Vr = — cos a cos (t + to + 0 — a) — t~ -sin 0 H- 

L x L E g 

E Z Z I 

— — to - 1 - cos ol sin (tg + 0 — a) I [3 • 23] 

Eg XL XL J 


where t is in radians and xl is in ohms at fundamental frequency and 
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sin a 


XL 

VZ* + x L 5 


cos a 


Z 

VZ 2 + X L 4 


If the interval of time under investigation is small, then it may 
be permissible to neglect the variation in the fundamental-frequency 
component of recovery voltage as a function of time and equation 
[3*23] becomes 

V R = M(- (Z/XL)l - N [3-24] 

where for any given physical circuit arrangement, M and N are func¬ 
tions of E a and 6. In other words, for given values of E a and 0 , M and 
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Fia. 3 *8. Effect of arc voltage and instant of fault occurrence on first wave ampli¬ 
tude of recovery voltage. 

N are constants. A different set of values of E a and 6 will in general 
give different values to M and N. 

Equation [3*24] gives the initial wave of voltage which travels 
down the transmission line. The analysis can be continued to include 
reflections from the open end or from junction points if desired. The 
calculations are very laborious and time consuming, however, and no 
attempt will be made here to carry them out. One feimple case will 
















0.1 0.2 0.3 

Arc voltage E a /E t 

Fig. 3*10. Effects of arc voltage on recovery voltage transient. 


to be a typical value of 500 ohms, and L is a value such that the short- 
circuit current corresponds to 6,250 rms symmetrical amperes in a 
115-kv three-phase system. With arc voltage in the circuit, the ampli¬ 
tude of the first wave of voltage depends on both arc voltage and the 
fault angle B as shown in Fig. 3-8. The relationship between arc volt- 
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age and 0 to give maximum first wave amplitude is shown in Fig. 
3*9. In general, with arc voltage present, the fault must be initiated 
before a voltage crest in order to give the maximum first wave ampli¬ 
tude. Figure 3*10 shows the effect of arc voltage on the first wave 
maximum amplitude as well as the effect on the time to 0.8 E g and 
0.9 Eg. 

3-5 EFFECTS OF REFLECTIONS ON RECOVERY VOLTAGE 

In this section a case will be considered similar to the foregoing 
Fig. 3*5 but with the line being assigned certain specific lengths so 
that reflections can be taken into account. The following assumptions 
are made for the analysis in this section. 

1. Zero arc voltage drop. 

2. No attenuation of voltage surges. 

3. Line-to-ground fault at transformer terminals. 

4. Station or source capacitance is negligible. 

5. Mutual effects of phases is negligible. 

6. The far end of the line is open. 

7. Current transients have disappeared before interruption occurs. 
The first wave of recovery voltage can be obtained from equation 

[3*23] by substituting E a /E g = 0, 6 = 0, and t 0 = tt 

Vr = cos a cos (£ — <*) — e ~ (Z/xL)t cos 2 a [3*25] 

If Z is very large compared to x L , and the interval of time that is of 
interest is very small compared with a period of fundamental fre¬ 
quency, then as a reasonable approximation 

V R0 = 1 - r (Z/xLM " = 1 - «- B(0 [3-26] 

where the zero subscripts associate this with the original wave of 
recovery voltage and B = Z/x L . It is the total recovery voltage up to 
the time of return of the first reflection. 

With attenuation neglected in the line, the wave reflected from the 
open end will be exactly the same as the original wave. This, upon 
returning to the source, impinges upon the source impedance pL which 
gives rise to a reflected wave and the sum of the two waves (incident 
and reflected) is 

Vbi (P) = V R0 (p) 

V + B 

which yields 

V R , = Wt,r Bl ' [3-27] 
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The total voltage at the point of fault is then V B0 + Vri during the 
interval between the time of the return of the first reflection and the 
time of the return of the second reflection from the open end. The 
subscript 1 simply identifies this time interval. Time in equation 
[3*27] is, of course, zero until the time of return of the first reflection. 

The reflected portion of equation [3-27] is 


- (ft!) v ’ m 

so that 

ex' = — 1 + r Bh + 2 Btir Btl [3-28] 

Again neglecting losses, this wave travels to the far end of the line 
and returns without any change in form. Impinging upon the source 
inductance, it produces a voltage 

which, upon being solved, yields 

V R2 = 2Bt 2 r Bh (l - Bta) [3-29] 


The second reflection from the fault point (or source) is 


e 2 '(p) 


p — B 


ci'(p) 


which yields 


P + B 

e 2 = \ — t~ Bh — 2BWt~ BH 


[3-30] 


The additional voltage at the fault point caused by the return of 
this wave when reflected from the open end is 


V M (P) = 

which, in turn, yields 



«2 '(P) 


V R3 = 2Bt 3 r m \l - 2Bt 3 + |JSV) 


[3-31] 


This process can be continued as far as is necessary. If the length 
of line is short, then more reflections will be needed than if the line 
is long. In Fig. 3-11 are shown curves of total recovery voltage 
transients plotted from the foregoing analysis, assuming the traveling 
wave velocity equals the velocity of light. 

These curves apply for a single-phase system in accordance with 
the foregoing assumptions. They will apply approximately for a line- 
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Time in microseconds 

(a) 



(£>) 

Fig. 3-11. (a) Recovery voltage vs. time. Line-to-ground fault, 5 miles of line. 
(6) Recovery voltage vs. time. Line-to-ground fault, 20 miles of line, (c) Recovery 
voltage vs. time. Line-to-ground fault, 60 miles of line, (d) Recovery voltage vs. 
time. Line-to-ground fault, 100 miles of line. 
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Fig. 3-11 ( Continued ). 

to-ground fault on a three-phase system provided that, at the fault 
location, the positive, negative, and zero-sequence reactances are 
nearly the same in magnitude. In the three-phase system, this means 
that the source x L is equal to the sum of the positive-, negative-, and 
zero-sequence reactances divided by 3. 

The curves on this basis are fairly general in that the ratio of 
B = Z/x L is independent of system voltage. In other words, since the 
surge impedance of an overhead line is approximately 500 ohms, the 
quantity can be evaluated for any of the conditions shown in Fig. 3*11. 
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Therefore, in a system of given voltage, the range of values of B used 
in making the calculations corresponds to a range of rms symmetrical 
fault amperes. For instance, if B = 39.8 and Z = 500 ohms, then 
x L = 500/39.8 = 12.55 ohms. In a 115-kv three-phase system, this 
corresponds to a fault current of 115,0007-^/3 (12.55) = 5,270 rms 
symmetrical amperes. 


3*6 INTERRUPTION OFF NORMAL CURRENT ZERO 

In certain instances, an interrupter may force a current zero to 
occur earlier than would be the case if the circuit elements alone were 
involved. That is, the arc voltage produced by the interruption may 
rise rapidly as the current is approaching a normal zero. In the ex¬ 
treme case, this is equivalent to opening the switch in Fig. 3*1 at 
any time regardless of the instantaneous value of current just preced¬ 
ing interruption. Practically, such interruptions may take place when 
a circuit breaker with large interrupting capacity is used to interrupt 
some very small current, such as the magnetizing current of a trans¬ 
former, for example. High voltages may be produced under such 
circumstances. One illustration which has been the source of much 
analysis from time to time from this overvoltage point of view is the 
arc furnace transformer circuit in which frequent switching is done 
on the high-voltage side. Switching with the furnace electrodes with¬ 
drawn from the charge requires interruption of only magnetizing cur¬ 
rent, and in some instances the overvoltages produced have led to the 
installation of overvoltage protection or some other corrective means 
for overcoming the ensuing difficulties. 

For the purpose of preliminary analysis, consider again the circuit 
of Fig. 3-1. The generator current will be defined 


if = — sin (t — 4 ') [3*32] 

XL 

where 4 / is the angle at which the switch is opened prior to a normal 
current zero. Then the recovery voltage transient is 


V R (p) = t,(p)Z(p) 


xc r p ( , v 

XL Lp 2 + (xc/xl) \ C0S p 2 + 1 


— sin ^ 



[3-33] 


which, solved operationally, becomes 


Vr = cos (t — 4/) — 


J 


cos 2 ^ + 


Xc . 2 # 

— sm 4* cos 

XT , 



13*34] 
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in terms of the normal peak voltage across the switch. The angle P 
is defined by 

cos \p 

cos p = — 7=== .= ===== 

V cos 2 \p + ( xc/xl ) sin 2 ^ 

v (xc/x L ) sin ^ 

\/cos 2 \p + (xc/x L ) sin 2 \f/ 


Equation [3-34] is the same as equation [3 - 5] if ^ = 0, which corre¬ 
sponds to normal zero current interruption. However, as \p is increased 



Fia. 3 * 12. Effect of circuit interruption before a normal current zero. 


(switch opened before normal zero), the recovery voltage transient in¬ 
creases in magnitude if xq/xl is large, which is usually true. If xc/xl 
— oo, then even the smallest value of \p will give rise to an infinite 
voltage. This would correspond to having no capacitance at all in the 
circuit of Fig. 3-1. If xc/xl = 1.0, then the amplitude of this natural- 
frequency component is independent of \p. The amplitude of the natural- 
frequency oscillation is in the general case 

/ x c 

/ cos 2 ^ H-sin 2 ^ 

\ X L 


Therefore the peak value of recovery voltage across the switch is 


Fft max — 1 + 


4 


Xq 

cos 2 ^ H-sin 2 $ 

x L 


[3-35] 


if it is assumed that the two can have maximum value of the same 
polarity at some instant. If yp = 0, this maximum value is 2 from equa¬ 
tion [3-35] which, of course, checks that given by equation [3*5]. 
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A detailed case of such “premature” circuit interruption is shown in 
Fig. 3-12. A plot of Vr max from equation [3 * 35] as a function of ^ 
with xc/xl as a parameter is shown in Fig. 3*13. It is apparent that, 
if xc/xl is high, even a very small angle will give dangerously high 
overvoltages. 



^-Angle of circuit interruption 
in degrees before normal current zero 

Fia. 3 • 13. Effect of premature circuit interruption upon maximum recovery voltage- 

3-7 OTHER FACTORS 

At this point it may be well to enumerate some of the factors that 
are of importance but have not been considered in the foregoing sec¬ 
tions. Among these factors are the following: 

1. Arc voltage as a function of current and time. 

2. Damping. 

3. Circuits with several natural frequencies. 

4. Natural frequencies in the fault current preceding interruption. 

5. Fault location. 

6. Different line constants. 

7. Type of fault. 

8. Method of grounding the system. 
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9 Effect of load. 

10 Effect of modifying the terminal impedances with capacitors. 

11. Effects of restriking during the recovery period. 

Certain of these factors can be included simply by continuing the 
analysis. However, to cover each case analytically becomes far too 
laborious and time consuming. As a consequence, the results shown 
in the next chapter are those obtained through the use of the transient 
analyzer with occasional reference to the theory and calculations in¬ 
cluded in this chapter. 


References 

1 Transients m Linear Systems , Vol I, Lumped-Constant Systems by M F 
Gardner and John L Barnes, John Wiley & Sons, New York, 1942 

2 Traveling Waves on Transmission Systems, by L V Bewley, John Wiley 
& Sons, 1933 (Second edition in press) 

3 “Switching Surges with Transformer Load-Ratio Conti ol Contactors,” L F 
Blume and L V Bewley, A I EE Transactions, 66, 1937, pages 1464-1475 

4 “Traveling Waves Initiated by Switching,” by L V Bewley, AJ E E 
Transactions, 68, 1939, pages 18-26. 



4 SYSTEM VOLTAGE 
RECOVERY CHARACTERISTICS— 
MINIATURE-SYSTEM APPROACH 

4-1 INTRODUCTION 

Because of the numerous factors mentioned in the preceding chapter 
which influence the recovery voltage transients in power systems, the 
miniature system or model technique of studying the effects of these 
factors was developed. It consists simply of reproducing in miniature 
the actual circuit or system to be studied. In this miniature system, 
faults of various kinds can be applied, switching can be done, con¬ 
stants can be varied, etc. Results can be obtained quickly and perma¬ 
nent records can be obtained by photographic means. 

In this chapter, some of the results of investigations with miniature 
systems will be given; and the effects of several factors not readily 
calculable will be summarized. 

4-2 TRANSMISSION LINE REPRESENTATION 

In Chapter 1, the three-phase miniature-system transmission line 
was described briefly. Some additional discussion is pertinent in order 
to visualize more clearly the degree of approximation inherent in 
the method of substituting a semidistributed-constant network for the 
actual transmission line of uniformly distributed constants. 

Figure 4-1 shows several voltage recovery curves, each having been 
obtained with a different method of representation In miniature of 
an actual system. The actual system was that shown in Fig. 3*5(a) 
with 90 miles of transmission line connected to the source generator, 
the line being open at the far end. The line-to-ground fault (with no 
arc voltage) was left on at the sending-end terminal sufficiently long 
in each case so that interruption took place from a steady-state con- 
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dition (that is, there were no initiating transients; only symmetrical 
fundamental-frequency current was flowing prior to circuit interrup¬ 
tion at normal current zero). The curve A in Fig. 4» 1 is the recovery- 
voltage transient obtained when nine * sections such as the one shown 
in Fig. 1 • 19 were connected in series to represent the 90 miles of line. 
It approximates the behavior of a uniformly distributed-constant line 
(curve D ). This approximation is very good, even to the timing of 
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Fia. 4*1. Effect of method of transmission line representation on transient voltage 
recovery. System as in Fig. 3-5(a) with 90 miles of line. See text for identification 

of curves. 


the return of the reflected wave from the far end of the line. Since no 
losses were assumed in calculating curve D, it is to be expected that 
the crest voltage after reflection would be higher than that actually 
obtained in any of the miniature-system setups. 

Curve C obtained for a weighted-constant 7 double-* representation 
shows a tendency to give a higher first crest voltage than that obtained 
either with the nine * sections or by distributed-constant calculations. 
There is a pronounced voltage drop after this first crest is reached 
before the voltage continues on upward to the maximum crest value. 
It will be observed that the axis of oscillation of this first period is 
the true exponentially rising recovery characteristic. 

Curve B shows the recovery characteristic for an equivalent double-* 
representation (i.e., two 45-mile equivalent * sections in series). This 
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gives a still higher first crest voltage, but the axis of oscillation ap¬ 
pears to be approximately the exponentially rising true recovery 
characteristic. 

Several significant points of interest are brought out in this figure. 
All three methods of miniature representation considered yield essen¬ 
tially the same time to maximum crest voltage, and only slight dis¬ 
crepancies appear to exist for the magnitude of the maximum crest 
voltage. The greatest discrepancies occur during the initial period 
before the reflection returns from the far end of the line. With the 
nine-7r-section representation there are several oscillations, small in 
magnitude, which deviate only slightly from the true recovery char¬ 
acteristic. Experience, as illustrated by these curves as well as by 
traveling wave theory, indicates that for any given length of line, 
such 7r representation is satisfactory for many purposes provided that 
enough sections are used. If two 10-mile equivalent rr sections are 
used to represent a 20-mile line, for example, one cannot expect very 
accurate duplication of true initial recovery transients. However, 
maximum crest and time to maximum crest would not be in great 
error. 


4-3 A SPECIFIC ILLUSTRATION-PROTECTOR-TUBE RECOVERY VOLTAGES 

For the particular system shown in Fig. 4-2, the operation of a 
protector tube was simulated by applying a line-to-ground fault and 



Fia. 4*2. Miniature system used in obtaining oscillograms shown in Fig. 4-3. 


clearing it at the first subsequent current zero. It will be observed 
that this system has two sources (they were electrically identical) of 
short-circuit current and is a reasonable physical duplicate of a large 
actual system. By means of synchronous switching equipment, it was 
possible to apply the fault at any instant on the voltage wave and 



80 


SYSTEM RECOVERY CHARACTERISTICS 



Fig. 4*3. Oscillograms of power system recovery-voltage phenomena for the system 
shown m Fig 4-2 See text for identification of oscillograms 
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interrupt it at the first current zero. The resulting transients of fault 
current and recovery voltage are shown in Fig. 4*3. These oscillo¬ 
grams were taken of the cathode-ray oscillograph screen with the 
sweep properly synchronized to give a stationary trace. 

The oscillograms show the complete transients for several instants 
of fault application. The single-line-to-ground fault current corre¬ 
sponds to 1,830 rms symmetrical amperes in a 138-kv system. Figure 
4*3(a) shows the maximum recovery voltage obtainable. This maxi¬ 
mum value was obtained by adjusting the fault-angle control of the 
switching device until the maximum recovery voltage peak was 
reached. For calibration purposes, a half-cycle of normal funda¬ 
mental-frequency line-to-neutral voltage is shown. Thus, magnitude 
and time to maximum crest of the recovery voltage can be deter¬ 
mined directly from such a record. 

Figures 4*3(6), (c), and ( d ) show a fault occurring before normal 
voltage crest, at voltage crest, and after voltage crest, respectively. 
The time scale was changed for these so that several cycles of funda¬ 
mental frequency are shown. Figures 4-3(e), (/), and (g) illustrate 
the effect of such variation in fault angle on the magnitude and dura¬ 
tion of fault-current flow, the three conditions being for a fault occur¬ 
ring before normal voltage crest, at voltage crest, and after voltage 
crest, respectively. Figure 4*3 (h) shows a half-cycle of sustained fault 
current for comparison. 

Figures 4*3(i), (;), (/c), and (l) are recovery voltages for the same 
system but for other angles of fault application. These illustrate the 
effect of this factor on the recovery voltage of this particular system 
for a given fault location. The time scale in these four oscillograms is 
half as much per-unit length as it is in Fig. 4*3(a). 

4*4 GENERALIZED RESULTS 

In discussing transient recovery voltages which occur when fault 
currents are interrupted by protector tubes, it should be emphasized 
that generally there are two basic differences between these voltages 
and those obtained in connection with circuit breaker operation. In 
the first place, because of the appreciable transmission line capaci¬ 
tance, expulsion protector-tube recovery voltages are generally of a 
slower nature than those very fast ones sometimes obtained in a cir¬ 
cuit breaker operation which severs one part of a system from another. 
As a second point of difference, circuit breaker interruptions more 
often occur from a steady-state condition of fault current (i.e., no 
fault-current natural frequencies), whereas a protector tube interrupts 
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generally from a transient condition. The transient oscillations in the 
fault current are clearly evident in Figs. 4*3(e), (/), and (g). These 
are actually traveling waves of current. Ordinarily a circuit breaker 
is called upon to operate after fault current has been flowing for sev¬ 
eral cycles, a duration which is sufficient for the natural-frequency 
oscillations to disappear from the fault current and for the d-c offset 
to be significantly reduced. Protector tubes may operate in a single 
half-cycle, and therefore in many instances the natural-frequency 
oscillations in the fault current may not be damped out when inter¬ 
ruption takes place. The amount of this transient disturbance present 
(and also the amount of d-c offset) for a given case is a function of 
the point on the voltage wave at which the fault occurs. 

Figure 4*4(a) shows several single-line-to-ground fault recovery 
voltage transients, each one for a particular value of the angle of 
fault application as indicated. These were obtained for the system 
shown in Fig. 3*5(a) with 60 miles of line. The fault angle is desig¬ 
nated as 6a which is so defined that a value of 0 A = 0 corresponds to 
the time at which the steady-state voltage on phase a is a maximum, 
the single-line-to-ground fault always being applied on phase a. 
Values of 0 A from —90° to 0 indicate application of the fault before 
voltage crest is reached; values of 0 A from 0 to 90° indicate applica¬ 
tion of the fault after the voltage crest. Figure 4-4(c) shows the 
crest values of the curves in Fig. 4-4(a) plotted as a function of 0 A . 
The maximum crest recovery voltage was obtained for 0 A = —15°. 
Here, line losses were high enough (line resistance was 40 per cent of 
line reactance) so that the natural-frequency oscillations in the fault 
current were damped out before interruption took place. 

Figure 4-4(6) shows several recovery-voltage transients as obtained 
on the same miniature system representing 100 miles of low loss line 
(line resistance was 10 per cent of line reactance) and source reactance 
as indicated. In Fig. 4-4(d) the crest values reached in Fig. 4*4(6) 
are plotted as a function d A . Here, the maximum recovery voltage 
of 1.7 was reached for either of two values of 0 A , namely, —2° and 
30°, while in between these two peaks lies a low value of 1.2 at 18°. 
This characteristic of alternate peaks and valleys in the crest recovery 
voltage versus 0 A curve is particularly marked for low loss lines and 
for low values of fault current. 

From observations of the transient fault current, it was possible 
to associate these peaks and valleys with the oscillations in the fault 
current which were of a frequency essentially inversely proportional 
to the length of line represented in the miniature system. Correspond- 
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ing field tests indicate that this frequency corresponds to *the fre¬ 
quency with which a voltage (or current) surge travels four times over 
the line length involved. (The natural period of a line open at one end 
is the time required for a surge to travel over the entire length four 
times.) The number of such traversals which can take place during 



-angle of fault application-degrees 6^-angle of fault application-degrees 

(c) (d) 

Fig. 4-4. Effect of fault angle on recovery voltage. X 0 /Xi - 0.4 at source supply¬ 
ing 650 amperes rms symmetrical line-to-ground fault current in 115-kv system. 

the time that the fault is on is a function of the angle at which the 
fault is applied. Further analysis indicated that each peak of recov¬ 
ery voltage in Fig. 4«4(d) could be associated with fault-current in¬ 
terruption at an instant of minimum rate of change of fault current, 
and each valley with interruption at a maximum rate of change of 
fault current. Also, since initial rate of rise of recovery voltage is 
proportional to the rate of change of fault current just prior to inter¬ 
ruption, it was possible to associate a maximum initial rate of rise 
with fault interruption at a maximum rate of change of current and 
a minimum initial rate of rise with fault interruption at a minimum 













84 


SYSTEM RECOVERY CHARACTERISTICS 


rate of change of current. If a system has losses low enough so that 
these fault-current natural-frequency oscillations exist when the first 
normal current zero is reached, these alternate peaks and valleys in 
the crest recovery voltage versus 0 A curve will occur. 

The significance of the curves of Fig. 4*4 is that in general it is 
necessary to determine a recovery-voltage envelope obtained by ap¬ 
plying the fault over a range of values of S A . It is conceivable that a 
single-line-to-ground fault could occur for any value of 0 A between 

— 90° and +90°. However, it has been found that the recovery- 
voltage envelope is generally determined by values of 0 A between 

— 20° and +20°, approximately, in other words, for faults occurring 
within a range of ±20° of voltage crest. 

The entire recovery voltage envelope is of importance, and for suc¬ 
cessful operation it is essential that the recovery dielectric strength 
within the tube should be greater at all times than the voltage recov¬ 
ery characteristic. 

It was found that the initial period of recovery voltage is quite defi¬ 
nitely a function of fault location along the line, whereas the maxi¬ 
mum crest voltage reached and the time to maximum crest voltage 
were not greatly affected by fault location. The reason for this is 
that the initial transient period following interruption is governed 
by the rate of change of fault current just prior to interruption. 
Fault current changes with fault location along the line, being greater 
if near the source and becoming less the more remote the fault loca¬ 
tion is with respect to the source of voltage. Therefore, the initial 
voltage recovery rate is greater if the fault is near the voltage source. 
Since the time to maximum crest recovery voltage is a measure of the 
natural frequency of oscillation of the entire system, it is not subject 
to much change with change in fault location. Therefore, time to 
maximum crest appears to be more descriptive as a system character¬ 
istic than the first crest or time to first crest. 

The initial rate of rise of recovery voltage can be evaluated ap¬ 
proximately in many instances by a relatively simple calculation, 
based on injecting the symmetrical fault current back into the net¬ 
work at the point of fault. If the short-circuit current at any point 
along a line is known, then the initial rate of rise is 

IZo) X 10“ 6 volt per microsecond [4*1] 

where I = crest value of the symmetrical fault current in amperes, 
ci) = 2 ttj (/is system frequency). 

Z = surge impedance in ohms viewed from the fault point. 
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The initial rate of rise calculated from this expression is the maxi¬ 
mum that can be obtained (neglecting natural-frequency components 
in the fault current) since a symmetrical current wave is assumed. 
For any instant of fault occurrence which would give a d-c offset 
component in the fault current, the initial rate of rise would be less. 
For any system having low losses such that the natural-frequency 
oscillations would not be damped out when interruption occurred, the 
maximum initial rate would be higher. Under such conditions, the 
maximum initial rate would be difficult to calculate. 

Single-line-to-ground faults are more likely to occur than any 
other type, and also, since in the solidly grounded system the double- 
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Fig. 4*5. Equivalent circuit for source impedances. 

line-to-ground faults that are most likely to occur are generally no 
more severe from the standpoint of tube operation, most of the results 
presented are for single-line-to-ground faults. The system selected 
for study included source reactances and the unloaded line open at 
the far end as shown in Fig. 4*5. Most of the work was done at the 
sending end of the transmission line. 

Figure 4*6 shows the effect of line length for several values of fault 
current in amperes referred to a 115-kv system. The curves are valid 
for a system of any voltage provided that the fault currents are 
changed in proportion to the change in system voltage. In other 
words, it is possible to define a single system such as these in terms 
of ohms of reactance in the source (xi and x 0 ) and miles of line. The 
results have more practical significance when they are plotted with 
actual amperes as a parameter. The results in this figure indicate 
that lower currents and shorter line lengths at a given system voltage 
tend to give higher crest values of recovery voltage in solidly grounded 
systems. Time to crest increases with line length. This can be ex¬ 
plained by the fact that voltage reflections from the far end of the 
line return less frequently than for shorter lengths, and therefore a 
longer time is required for this building-up process. Higher currents 
reduce the time to crest since the short-circuit current in the miniature 
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systems studied is a measure of source reactance, which in turn in¬ 
creases the natural frequency of the system and consequently results 
in a shorter time to crest voltage when interruption takes place. 

Figure 4*7 is a more comprehensive summary of results obtained 
for various lengths of line, for various system voltages, and for three 




Fia. 4-6. Effect of line length and fault current on recovery voltage. Xq/X\ — 0.4 
at source. Currents are rms symmetrical values for line-to-ground fault in 115-kv 

system. 


values of fault current. These curves are of importance in that they 
show clearly the effect of varying any one of the three most significant 
factors. The curves are valid for the relatively simple solidly 
grounded systems studied, but the qualitative effects of these factors 
can be shown to be valid in general for the more complex systems as 
well. Crest recovery voltages are not summarized since the results 
indicated that, in solidly grounded systems, line-to-ground fault re¬ 
covery voltages do not vary greatly unless influenced by losses. This 
summary in Fig. 4*7 excludes the effects of these factors. Conse- 
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0 20 40 60 80 100 120 140 

System kv 

650 rms symmetrical line-to-ground fault amperes 
(a) 



System kv 

2200 rms symmetrical line-to-ground fault amperes 
(b) 



System kv 

4300 rms symmetrical line-to-ground fault amperes 
(c) 

Fio. 4*7. Time to maximum crest recovery voltage for solidly grounded systems. 
Xq/X\ — 0.4 at source. Single-line-to-ground fault. 
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quently the crest recovery voltages for any of these cases is probably 
between 1.5 and 1.75, with 1.65 to 1.7 being typical for higher voltage 
systems and 1.55 to 1.6 being typical for lower voltage systems. 




0 10 20 30 

Arc voltage - per cent of normal crest 


Fig. 4-8. Effect of arc voltage. Xq/X\ — 0.4 at source. 100 miles of line. 650 
amperes rms symmetrical line-to-ground fault current in 115-kv system at source. 



0 l 1 11 1-1 I 1 I I 

0 2 4 6 oo 

Number of equal line lengths on 
common bus- total 100 miles 

Fig. 4*9. Effect of line grouping. Xq/X\ = 0.4 at source. 4,300 amperes rms 
symmetrical line-to-ground fault current in 115-kv system at source. 

Figure 4*8 shows the effect of varying the magnitude of constant 
arc voltage in the fault. Over a reasonable range, this factor has 
little effect on the crest value of recovery voltage. However, it was 
shown in Chapter 3 that varying this factor does change the fault 
angle which gives the maximum overshoot and the rate of rise during 
the initial part of the transient recovery period. 
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Figure 4*9 shows the effect of line grouping on a common bus. This 
curve shows that for a given aggregate number of miles of line, the 
time to maximum crest recovery voltage is materially reduced as the 
line is broken up into more short sections radiating from a bus. A 
minimum value is reached, however, which corresponds to lumping 
the capacitance of all lines at the point of fault. This fact suggests 
the possibility of calculating recovery voltages approximately for 
certain cases using lumped constants when no long lines are involved. 

Figure 4*10 shows the effect of neutral grounding through resistance. 



0 20 40 60 80 100 


Neutral grounding resistance -ohms 

Fig. 4-10. Effect of neutral grounding resistance. 100 miles of line. Xq/X\ = 0.4 
at source. (A) 650, ( B) 220, (C) 4,300 rms symmetrical line-to-ground fault amperes 
in 115-kv system for zero neutral resistance. 

The qualitative effect is very similar to that observed when tower 
footing resistance is inserted (see Fig. 4-14). This is to be expected 
since the circuit connections differ only slightly for the two con¬ 
ditions. 

The effect of reactance grounding is shown in Fig. 4*11. Both maxi¬ 
mum overshoot and time to crest are significantly altered by this 
factor. As more reactance is added, time to crest becomes greater 
because of the lower zero-sequence natural frequency. This soon be¬ 
comes the predominant factor in determining both time to crest and 
maximum overshoot, particularly for the short lines where the effect 
of the distributed constants of the line become relatively small. 

Figure 4*12 shows the effect of line length and short-circuit amperes 
when a line is fed from both ends. Qualitatively the effect is quite 
similar to that shown in Fig. 4-7 for lines fed from one end only. 

Figure 4*13 shows the effect of fault location along a line energized 
from both ends. There is little change in crest recovery voltage, but 
there is some change in time to maximum crest as the fault point is 
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moved along the line. This effect was much less pronounced for lines 
fed from only one end. However, a fault at the mid-point of a 100- 
mile line fed from both ends is the same in effect as a fault at the 
far end of two 50-mile lines in parallel and bussed at both ends with 





0 10 20 30 40 0 10 20 30 40 

X Q /X\ at source X^/X x at source 

(a) (b) 


Fio. 4*11. Effect of neutral grounding reactance. Single-line-to-ground fault of 
4,300 amperes rms symmetrical at source in 115-kv system for X^/X\ = 0.4. 



Thousands of amperes Thousands of amperes 

(a) (b) 


Fig. 4*12. Effect of fault current. Equal generating capacity at both ends of line. 
Solidly grounded system. Currents are rms symmetrical amperes for line-to-ground 
fault at one end in 115-kv system. 

twice the fault current. Therefore, it appears that the effect shown 
in Fig. 4*9 is playing an important part. 

The effect of tower footing resistance for a single-line-to-ground 
fault on a line fed from both ends is shown in Fig. 4*14. The crest 
voltage is seen to be reduced as the tower footing resistance is in- 
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creased, and the extent of this effect is greater for the larger available 
short-circuit currents. 

In conclusion, the following general statements can be made: 

1. Different angles of fault application materially affect system 
voltage recovery characteristics. When a fault is removed in less 
than a cycle after its occurrence, the transient recovery characteristic 
is best described as an envelope of the maximum transient voltage at 
any time for any instant of fault application. 
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Fig. 4*13. Effect of fault location; 100 miles of line with equal generating capacity 
at both ends; solidly grounded system. (A) 1,240 rms symmetrical line-to-ground 
fault amperes at either end in 115-kv system. ( B ) 2,740 rms symmetrical line-to- 
ground fault amperet at either end in 115-kv system. 


2. Crest recovery voltages obtained in the solidly grounded neutral 
systems investigated varied from 1.5 to 1.75 when tower footing re¬ 
sistance was neglected. The effect of losses in the system (including 
tower footing resistance) is to decrease the overshoot for single-line- 
to-ground faults. It appears that 1.75 is near an upper limit which 
may be reached in higher voltage systems, whereas 1.5 would be more 
likely to be reached as a maximum in lower voltage systems. This 
is in general agreement with field tests and theoretical considerations. 
System loads and interconnections generally would tend to reduce the 
maximum overvoltage reached in an actual system. 

3. Neutral grounding resistance produces a decrease in maximum 
overshoot in a manner very similar to that produced by tower footing 
resistance. 

4. Neutral ground reactance increases the time to crest recovery 
voltage, since the zero-sequence natural frequency is reduced as more 
reactance is added in the neutral. 
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5. The magnitude of the constant arc voltage corresponding to the 
arc voltage across a protector tube (over a practical range) appears 
to have little effect upon the voltage recovery characteristics. 

6. Length of line, system voltage, and fault current appear to be the 
most significant factors in determining the voltage recovery char¬ 
acteristics in solidly grounded neutral systems. 



Fia. 4*14. Effect of tower footing resistance. Equal generating capacity at both 
ends of line. Solidly grounded system. (A) 100 miles of line; 414 rms symmetrical 
line-to-ground fault amperes at either end in 115-kv system. ( B ) 100 miles of line; 
1,240 rms symmetrical line-to-ground fault amperes at either end in 115-kv system. 
(O 20 miles of line; 1,460 rms symmetrical line-to-ground fault amperes at either 

end in 115-kv system. 

4-5 SOME RECOVERY VOLTAGE CHARACTERISTICS FOR LOW-VOLT- 
AGE 60-CYCLE CIRCUITS 

In order to show some of the low-voltage or distribution-system 
voltage recovery characteristics, this section is included. The results 
are of interest in connection with the operation of overvoltage protec¬ 
tive devices, as well as circuit interrupting devices such as fuses, in 
these systems. 

The system studied is shown in Fig. 4-15. The single-phase lines 
as well as the three-phase portion and the ground or neutral return 
wires were No. 6 copper. A spacing of 36 inches between the phase 
wire and the neutral and between phases on the three-phase line was 
assumed. 

The impedance of the single-phase line was calculated to be 4.46 + 
;1.6 ohms per mile. The capacitance to ground was 0.011 /if per mile. 
The positive-sequence impedance of the three-phase line was 2.23 + 
jO.76 ohms per mile with a positive-sequence capacitance of 0.016 /if 
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per mile. The zero-sequence impedance of the three-phase line was 
2.95 + ;2.75 ohms per mile with a zero-sequence capacitance of 0.01 
/if per mile. Substation transformer three-phase ratings of 50, 100, 
and 500 kva were considered. The system voltage was 6,900 volts 
from line to neutral (12 kv line to line at the substation transformer). 
The high-voltage side of the substation transformer was considered 
an infinite bus, and the system was not loaded. 

The study was made with no intentional arc voltage during the 
fault-current conducting period. Its purpose was to determine the 
severity of recovery voltages for systems such as that shown in Fig. 


X T 



•* —60 miles-► 

Fig. 4-15. Representative circuit for 6,900 volt REA distribution circuits. 

4*15. The severity of these voltages was determined in terms of the 
following criteria. 

1. The maximum recovery voltage that would appear across the 
interrupting device following a flashover and a subsequent clearing 
at the first current zero. (M m on curves.) 

2. The minimum time to reach the crest of this recovery voltage 
transient. (T M on curves.) 

3. The minimum time for this recovery voltage to reach 90 per cent 
of normal crest voltage. (T 0 .9 on curves.) 

Cases studied (refer to Fig. 4*15): 

1(a) With no three-phase line (A and B coincident), recovery volt¬ 
ages were observed for clearing a fault adjacent to the transformer 
with 20 miles of single-phase line, 40 miles of single-phase line, and 60 
miles of single-phase line. 

( b ) These tests were repeated for a fault 20 miles from the trans¬ 
former, 40 miles from the transformer, and 60 miles from the trans¬ 
former. 

In these tests if the high-voltage side of the transformer is con¬ 
sidered an infinite bus and if there is no three-phase transmission 
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line on the low side of the transformers, there will be no mutual coup¬ 
ling between phases and the effect of unbalance caused by different 
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Fig. 4 16. Recovery voltages on 6,900 volt REA distribution circuits. No three- 
phase line. 50 kva transformer. 



Fault location-miles from step-down transformer 

Fia. 4*17. Recovery voltages on 6,900 volt REA distribution circuits. No three- 
phase line. 100-kva transformer. 

lengths of single-phase line connected to each of the three phases need 
not be considered. 

2. With ten miles of three-phase line connected between the trans¬ 
former and the single-phase line, the above tests were repeated. 
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In all these cases, recovery voltages were observed for the step- 
down transformers rated 50 kva, 100 kva, and 500 kva. For each case, 
the angle of application of the fault was varied so as to produce the 



Fig. 4 18. Recovery voltages on 6,900 volt REA distribution circuits. No three- 
phase line; 500-kva transformer. 



Fig. 4 • 19. Recovery voltages on 6,900 volt REA distribution circuits. Ten miles 
of three-phase line; 50-kva transformer. 


most severe recovery voltage condition. Arc voltage during the period 
of fault-current flow was always made essentially zero. 

The curves in Figs. 4*16, 4*17, and 4*18, show the time to 0.9 normal 
crest, time to maximum crest, and the magnitude of the maximum 
crest for various lengths of single-phase line when there is no three- 
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phase line connected on the low-voltage side of the transformers. 
Figure 4*16 gives the data obtained with a transformer rated 50 kva, 
Fig. 4*17 for a transformer rated 100 kva, and Fig. 4*18 for a trans¬ 
former rated 500 kva. 



Fig. 4*20. Recovery voltages on 6,900 volt REA distribution circuits. Ten miles 
of three-phase line; 100-kva transformer. 



Fig. 4-21. Recovery voltages on 6,900 volt REA distribution circuits. Ten miles 
of three-phase line; 500-kva transformer. 


These curves show that in general the time to 0.9 normal crest 
voltage increases as the number of miles of single-phase line is in¬ 
creased and this time also increases as the fault is assumed farther 
away from the step-down transformer. 
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In general the magnitude of the maximum crest of recovery voltage 
decreases as the number of miles of single-phase line increases and the 
magnitude of this crest also decreases as the distance between the 
fault and the substation or step-down transformer is increased. 

The time to maximum crest increases as the distance between the 
fault and the step-down transformer is increased. 

Figures 4*19, 4*20, and 4*21 show the effect of fault location and 
the effect of different lengths of single-phase line when ten miles of 
three-phase line connect the transformer and the point at which single¬ 
phase distribution begins. 

In general these curves show that the severity of the recovery 
voltage is lessened as the fault becomes more remote from the step- 
down transformer and the severity of the recovery voltage is lessened 
as more single-phase line is added. 

A tabulation of fault currents in rms amperes for the various fault 
locations and conditions is shown in Table 4*1. 

TABLE 41 

Tabulation of Fault Currents (Rms Amperes) 


Fault Location 


Transformer 

Kva 

A 

B 

C 

D 

E 

60 


No Three-Phase Line 

43.6 34.0 

27.5 

22.7 

100 


87.2 

48.7 

33.0 

25.7 

500 


436.0 

70.0 

43.0 

33.0 

50 

43.6 

10 Miles of Three-Phase Line 

33.0 30.8 

25.4 

21.9 

100 

87.2 

61.6 

35.2 

27.9 

22.8 

500 

436.0 

110.0 

42.7 

31.4 

24.8 


Various lengths of single-phase line were added to the two un¬ 
faulted phases to observe the effect of unbalance in the system capaci¬ 
tance on the recovery voltage following the clearing of a fault. It 
was found that the addition of single-phase line in the two unfaulted 
phases had very little effect on the recovery voltage on the faulted 
phase. Assuming an infinite bus on the high-voltage side of the sub¬ 
station transformer there would have to be some mutual coupling 
between phases before the length of line on one phase would affect 
appreciably any other phase. As this mutual coupling is present only 
in the three-phase line and as the three-phase line is short, there is very 
little coupling between phases. 
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A comparison of the results shown in this section with results of 
field tests on similar systems shows that in general the results shown 
herein are noticeably more severe. This is to be expected for several 
reasons, viz.: 

1. The severity of recovery voltage depends on the angle of fault 
incidence if interruption occurs at the first current zero, as has been 
pointed out. In field testing, interruptions may not occur for a num¬ 
ber of cycles where interruption is by fuses, for instance. Conse¬ 
quently, the transient recovery voltage obtained in field testing does 
not necessarily correspond to that which was obtained for the fault 
angles which gave the most severe envelope of recovery voltage, the 
circuit being interrupted always at the first current zero. 

2. The miniature-system line was unloaded. The presence of load 
distributed along the line will have a pronounced effect upon the sever¬ 
ity of recovery voltage. 

3. No arc voltage was introduced in the miniature system. Test 
results for actual system tests indicate that some interrupting devices 
introduce appreciable arc voltage, especially during the half-cycle 
preceding interruption. This causes a phase shift of current such that 
interruption takes place earlier in the cycle at a lower instantaneous 
value of fundamental-frequency voltage, so that, generally speaking, 
recovery voltages are reduced in severity. 

4. No damping in the arc path immediately after interruption was 
considered in the miniature system. That some finite resistance 
exists during the scavenging of the products of arcing is to be expected. 
The damping effect may not be noticeable for the slower recovery 
rates, but it is probably quite effective for the highest recovery rates. 

It should be emphasized in connection with this entire chapter, 
that these results are strictly circuit characteristics. In any actual 
system, the arc characteristics of the interrupting device may modify 
these characteristics appreciably. 

4-6 EFFECT OF NEUTRAL GROUNDING IMPEDANCE ON SYSTEM 
TRANSIENT VOLTAGE RECOVERY CHARACTERISTICS 

The foregoing sections in this chapter have dealt with the recovery 
voltages following interruption of a single-line-to-ground fault. The 
recovery voltage transients for other types of faults are also of con¬ 
siderable importance. In this section the recovery voltage for the 
first phase to clear of a double-line-to-ground fault will be discussed 
in detail, with some additional comments on three-phase faults. 

As has been shown in Chapter 3 and in the first part of this 
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chapter, the transient recovery voltage of the system with respect to 
ground is the sum of the fundamental-frequency component and the 
natural-frequency component. At the instant of interruption, the sys¬ 
tem voltage starts to return to normal and, if the arc is successfully 
extinguished, eventually, after the transient has disappeared, normal 
voltage will be restored. 

At the instant of final zero current (instant of current interruption), 
the recovery voltage can be divided into two components. One is the 
fundamental-frequency component whose magnitude is equal to the 
instantaneous fundamental-frequency restored voltage, and the other 
is the natural-frequency component which is equal in magnitude but 
directly opposed to the instantaneous fundamental-frequency com¬ 
ponent. 

It is significant that the magnitude of the natural-frequency com¬ 
ponent of voltage at the final current zero is equal to the instantaneous 
restored voltage and, depending on the power factor of the circuit, 
may vary from the minimum of zero to the maximum which is equal 
to the crest of the restored voltage wave. 

Following interruption, the natural-frequency voltage will oscillate 
about the fundamental-frequency restored voltage until it is damped 
out, leaving only the fundamental-frequency restored voltage. 

If, as in the preceding sections, the fault is a single-line-to-ground 
fault, the fundamental-frequency restored voltage will be the normal 
voltage of that phase to ground. If the original fault is a double-line- 
to-ground fault, then the fundamental-frequency restored voltage will 
be the voltage to ground of the cleared phase existing with a line-to- 
ground fault on the other still faulted phase. 

The instantaneous restored voltage is the crest of the fundamental- 
frequency restored voltage multiplied by the sine of the angle between 
this voltage and the fault current. 

The curves shown in Figs. 4*22 and 4-23 are of practical value in 
the application of interrupting devices. The instantaneous restored 
voltages shown give an indication of the severity of the duty imposed 
on the interrupting devices. Thus, other factors being equal, a lower 
instantaneous restored voltage means a less severe duty on the inter¬ 
rupting device. The practical value of these curves in Fig. 4*22 lies 
in the fact that the transient recovery voltage will not exceed twice 
the crest of the fundamental-frequency instantaneous restored volt¬ 
age given by the curves. 

When the first phase of a double-line-to-ground fault clears, the 
fault becomes a single-line-to-ground fault. Thus the figures in 




Fig. 4-22. Instantaneous restored voltage on phase b , when phase b is the first to 
clear after a double line-to-ground fault on phases b and c to ground. Voltage is 
times normal line-to-neutral crest voltage. 
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Fig. 4*23. Instantaneous restored voltage on phase c, when phase c is the first to 
clear after a double line-to-ground fault on phases b and c to ground. Voltage is 
times normal line-to-neutral crest voltage. 
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Chapter 1 for a single-line-to-ground fault represent also the crests 
of the restored voltage after the first phase of a double-line-to-ground 
fault has cleared. 

The instantaneous restored voltage when the first phase of a double- 
line-to-ground fault clears is shown by the curves of Figs. 4*22 and 
4*23. These curves have been calculated by means of symmetrical 
components based on the following considerations: 

1. Positive- and negative-sequence impedances are equal. 

2. For clearness, the three-phase voltages have been designated a, b, 
and c, with the double-line-to-ground fault on phases b and c to 
ground. Symmetrical systems were assumed with abc rotation. 

3. The fault current interrupts at a normal fundamental-frequency 
current zero. 

4. Effects of saturation, arc voltage, corona, and harmonic voltages 
are negligible. 

5. The effects of resistance and reactance in the positive- and zero- 
sequence networks are included. 

6. The curves give the instantaneous restored fundamental-fre¬ 
quency voltage to ground at the fault location. 

These curves serve to illustrate the one general conclusion which 
will be further endorsed later that recovery voltages in solidly 
grounded systems as defined in Chapter 1 are less severe than they are 
in any other type of system when all types of faults are considered. 
This is a most significant point to those concerned with the design 
and application of protective devices in power systems. 
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5 EFFECTS OF ARC RESTRIKING 
ON RECOVERY VOLTAGE 

5*1 INTRODUCTION 

It has been recognized for many years that voltage surges of con¬ 
siderable magnitude could be produced under certain system condi¬ 
tions by switching operations with or without arcing faults. At times 
the finger of suspicion has been pointed at the arcing fault alone as 
a source of high overvoltage. As yet, no experimental evidence has 
been disclosed to confirm such suspicion. The highest voltage surges 
experienced on power systems have gradually become associated more 
closely with the effects of arc restriking within circuit breakers or 
other interrupting devices. 

Voltage surges have been investigated in some detail in the past, 
and various theories have been developed to explain their occurrence 
and to predict their magnitude. In general, however, for most of the 
theories expounded, the prediction of surge magnitudes was on a rather 
insecure basis. 

There were two reasons, principally, for this insecurity: (1) the 
inability to define adequately the arc characteristic, and (2) the in¬ 
adequacy of long-hand methods of circuit analysis even when the arc 
characteristics were assumed to be of the simplest form imaginable. 
The first of these reasons still exists as a very real stumbling block. 
For instance, not enough is known about a simple arc in air to make it 
possible to predict with precision whether a certain circuit arrange¬ 
ment with an arc between two points in that circuit will (a) clear it¬ 
self, (6) clear itself momentarily and restrike, (c) clear itself and re¬ 
strike without producing overvoltages, or ( d ) clear itself and restrike 
with attendant overvoltages. The problem is fundamentally one of 
expressing reliably the transient volt-ampere characteristic of an arc. 
Even for a simple arc in air under standard atmospheric conditions, 
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this cannot be done with quantitative precision although much excel¬ 
lent work has been done and is being done in an attempt to under¬ 
stand better the quantitative dynamics of the electric arc. 

The second reason for the insecurity of earlier predictions of surge 
magnitudes has been largely overcome since about 1935 through the 
introduction and use of circuit analyzers as already mentioned in pre¬ 
ceding chapters. These analyzers have made it possible to study cir¬ 
cuit characteristics with relative ease and precision. Using such de¬ 
vices, one could assume certain arc characteristics and at least make 
a consistent study based upon such assumed characteristics. Thus 
it became possible to obtain quantitative results which would permit 
comparisons to be made between different circuit arrangements. 

Many such circuit studies have been made by a number of investi¬ 
gators. Although the results obtained depend on the assumed arc 
characteristics, it has been possible to draw several significant con¬ 
clusions concerning the relative merits of many circuit arrangements 
and power system operating procedures which appear to be clearly sub¬ 
stantiated by actual system operating experiences. 

In the preceding chapter, some results of studies were summarized 
and discussed in which circuit interruption was assumed to be complete 
and instantaneous at a current zero. In this chapter results of several 
studies will be summarized for which it was assumed that the circuit 
interruption was not complete, but rather, rcstriking of the arc oc¬ 
curred in various ways so that an intermittent arcing condition was 
obtained. 

5-2 THE TRANSIENT VOLTAGE RECOVERY PERIOD 

It is relatively easy to study the effects of arcing in electric circuits 
if it is assumed that the arc is either an open circuit or a short circuit. 
Such an assumption was put into practice in the foregoing chapter, 
for during the period of current flow the arc voltage was taken to be 
zero (a short circuit) while, at a current zero, the arc disappeared and 
no current flowed thereafter. The circuit “recovered” in accordance 
with the dynamic behavior dictated by the constants of the circuit. 
This voltage recovery transient was a function of time and was the 
voltage impressed across the arc path. The arc path cannot regain its 
ultimate dielectric strength instantaneously, however, for it takes time 
for the arc products to disappear and in effect “heal” the path of 
rupture. The restoration of dielectric strength is therefore, in gen¬ 
eral, a function of time also. If at any time during this recovery in¬ 
terval the voltage across the arc path exceeds the dielectric strength 
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of that path, the arc will restrike and a new dynamic state ensues not 
covered by Chapter 4. This period is therefore characterized by a race 
between the recovery of dielectric strength and the voltage recovery 
transient of the system. If the former wins, Chapter 4 will apply; 
if the latter wins, the consequences remain to be evaluated. It is the 
purpose of this chapter to evaluate the consequences of such restriking 
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Fig. 5*1. Elements of arc restriking during the transient recovery voltage period. 
Ay By and C are assumed transient dielectric strength recovery characteristics of 
the arc path. Vr is an assumed transient recovery voltage. If dielectric strength 
is recovered in accordance with curve A or B, there is no restriking, although B is 
nearly critical. If it is recovered in accordance with C, a restrike occurs at the point 
indicated and interruption is not completed. 

of the arc for a variety of assumed characteristics for the dielectric 
strength recovery. The general elements involved are shown in Fig. 
5*1. The arc path is to be either a short circuit or an open circuit as 
before, but restriking of the arc is assumed to take place in accordance 
with certain fixed rules which will be stated for each case. 

In this chapter then, the arc characteristic (or interrupting device) 
enters only so far as its assumed dielectric recovery characteristic de¬ 
termines the point at which restriking takes place, the resulting re¬ 
covery voltage being otherwise completely determined by the circuit 
characteristics. Certain types of interrupting devices may modify 
considerably this resultant recovery characteristic, and therefore the 
form and magnitude of the resulting overvoltages. 
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5*3 CASES STUDIED 

Five types of arc restriking have been studied and are described in 
this section. The miniature system is shown in Fig. 5*2. The sig¬ 
nificance of system constants is clear from this figure. For each type 
of arcing fault studied, these system constants were varied over a con¬ 
siderable range in order that curves of results could be obtained for 
general use. 

Type 1. Continuously sustained arc restriking of one phase to 
ground at the constant voltage level that results in the highest volt¬ 
ages on the unfaulted phases, the restriking voltage being the same 



in magnitude for either polarity. Such restriking may approximate 
the arcing conditions over an insulator string in the open air, wherein 
the restriking voltage may winder more or less slowly over the range 
that can be sustained, as the arc path wanders. In general, the highest 
restriking voltage that can be sustained gives the highest voltages 
on the unfaulted phases. This type of arc restrilnng is illustrated in 
Fig. 5*3. In this case successive restriking of alternating polarity 
took place at half-cycle intervals, whereas in some of the other cases 
studied the arc restruck two or three times with the same polarity 
in each half-cycle. In all cases restriking took place whenever the re¬ 
covery voltage reached the predetermined restrike voltage level, re¬ 
gardless of polarity. 

Type 2. Continuously sustained arc restriking at the voltage levels 
that result in the highest voltages on the unfaulted phases, without 
regard to the equality of the restriking voltage of either polarity. 
This form of restriking was studied as a convenient representation of 
possible irregularities in the restriking characteristics. That is, as 
this particular form of irregularity either increases or does not affect 
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the maximum attainable voltages, there is a basis for concluding that 
transient variations in the restriking characteristics either are or are 
not important, respectively. 



Fia. 5*3. Sustained arcing fault (Type 1) on reactance-grounded system. 

Type 8. Continuously sustained arc restriking of one phase to 
ground at regular time intervals, in this case at half-cycle intervals. 
Data on this type of restriking are presented as an indication of what 
may occur with extremely random, rapid, and large variations in the 
restriking or flashover voltage. Such restriking seems to be unlikely 
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to occur in an actual system but could occur under unusual circum¬ 
stances. The data are included here to illustrate the f&ct that the 
recovery characteristic assumed is important, particularly for isolated- 
neutral systems. Figure 5*4 illustrates the building-up process lead¬ 
ing to the ultimate sustained maximum 
voltages of this type. 

Type 4- Controlled restriking after 
interruption of a solid-line-to-ground 
fault. This is not a continuously sus¬ 
tained restriking condition but consists 
of imposing one or two individually 
controlled restrikes subsequent to cir¬ 
cuit interruption from a steady-state 
fault condition. 

Type 5. This is very similar to 
Type 4, the only difference being that 
the system is initially without a fault 
The fault occurs, and circuit interrup¬ 
tion takes place at the first subsequent 
current zero instead of from a steady- 
state fault condition. Restriking of 
Types 4 and 5 may more properly be 
associated with the behavior of certain 
circuit interrupting devices than with 
arcs in air. 

I ,:u: 

Arc current 


5-4 COMPARISON OF EFFECTS OF 
VARIOUS ASSUMED RESTRIKING 
CHARACTERISTICS 

Figures 5*5 to 5*9 inclusive give the 
maximum voltages appearing on either 
unfaulted phase for restriking of Type 
1. Curves C and D of Fig. 5*5, for 
systems with isolated neutral, may be 
compared with curve E to show that these sustained voltages are of 
the same order of magnitude as the transient voltages appearing on 
sudden application of a solid fault. Figures 5-6 to 5*9 indicate that 
for this type of restriking (a) the voltages appearing on systems 
grounded through reactance are usually greater than those on systems 
grounded through resistance, (6) the voltages are greater with C\ = Co 
than with C i = 2C 0 , and (c) the voltages on resistance-grounded sys- 
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Fig. 5 *4. Build-up of voltage 
caused by arcing fault (Type 3) in 
isolated neutral system. 
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Fig. 5-5. Maximum sustained unfaulted phase voltage for arcing fault in isolated- 
neutral system of Fig. 5-2. Curve A, Type 2, Ci = Co,* curve B, Type 2, Ci = 2Co; 
curve C, Type 1 , C\ = Co; curve D, Type 1 , C\ — 2Co; curve E, C\ - Co- Maxi¬ 
mum transient voltage accompanying application of solid fault for comparison. 
Points A were obtained with 100 miles of three-phase artificial line, 10-mile sections. 
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Fig. 5*6. Maximum sustained unfaulted phase voltage for arcing fault of Type 1 
in reactance-grounded system of Fig. 5-2, Ci = Co- Curve A, X c o/Xn * 90; 
curve B , X^/Xn « 280; curve C, Xco/Xn - 1,120. (Ground-fault neutralizer at 

Xto/Xn - X^/Xn.) 
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Fig. 5-7. Maximum sustained unfaulted phase voltage for arcing fault of Type 1 
in resistance-grounded system of Fig. 5*2, C\ = Co- Curve A, Xco/Xn = 90; 
curve By X^/Xn == 280; curve C, Xca/Xn =» 1,120. 





Fig. 5*8. Maximum sustained unfaulted phase voltage for arcing fault of Type 1 
in reactance-grounded system of Fig. 5-2, C\ *■ 2Cq. Curve A, Xco/Xn « 90; 
curve By Xco/Xn = 280; curve C, Xco/Xn = 1,120. 



Fig. 5-9. Maximum sustained unfaulted phase voltage for arcing fault of Type 1 
in resistance-grounded system of Fig. 5-2, C\ * 2Co. Curve A , Xco/Xn « 90; 
curve B, X^/Xn - 280; curve C, Xco/Xn « 1,120. 
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terns are relatively independent of the system natural frequencies in 
the range studied. 

The relative effect of arcing of Type 2 can be observed by comparing 
curves A and B with curves C and D in Fig. 5-5. Such a comparison 
indicates that possible irregularities in the restriking characteristic 
may result in a considerable increase in voltage. 



Fiq. 5-10. Maximum sustained unfaulted phase voltage for arcing fault of Type 3 
in reactance-grounded system with 100-mile three-phase artificial line. Ci = 1.6Co, 
Xco/Xn =» 89. (Ground-fault neutralizer at Xio/Xn = X e o/Xi\.) 


The data of Figs. 5*5 to 5-9 were obtained with an arcing circuit 
having an inherent dielectric strength recovery characteristic given 
approximately by the relation: 

Breakdown voltage = V(1 — e~ t/T ) 

where V = maximum breakdown voltage. 
t = time in microseconds. 

T = 2,400 microseconds. 

Thus if successive restriking occurred several times in a half-cycle the 
restriking voltages of the various restrikes were not all exactly alike, 
depending on the length of the interval from a current zero to the 
subsequent restrike. Several check points were taken with the time 
constant T made very small so that the restriking voltage was truly 
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constant, and little difference could be observed in the magnitude of 
the unfaulted phase voltage. 

Sustained arc restriking of Type 3 gives rise to overvoltages as 
shown in Figs. 5*10 and 5*11. Such restriking has been considered 
by a number of other investigators. No actual system field tests 
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Fig. 5*11. Maximum sustained voltage for arcing fault of Type 3 in isolated-neutral 
system of Fig. 5-2, C\ ™ 1.6Co. Curve A, unfaulted phase voltage, 100-mile, three- 
phase artificial line; curve B, neutral voltage, 100-mile line; curve C, unfaulted 
phase voltage, lumped capacitance; curve D } neutral voltage, lumped capacitance; 
curve E, unfaulted phase voltage, decreasing line length with Xu constant; curve F t 
neutral voltage, decreasing line length with Xn constant. 


have indicated that such a building-up process can occur to any ap¬ 
preciable extent. Conceivably it could possibly occur under some 
very unusual conditions, but it is most unlikely to occur for an arc in 
air. The data are included here principally to show that the form 
of the restriking characteristic, as well as the circuit characteristics, 
is very important, particularly for systems with isolated neutral. 
Figure 5*4 illustrates the building-up process and clearly shows that, 
for an arc between fixed electrodes or terminals, such a build-up would 
be unlikely to take place because of the requirement that the arc path 
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Fig. 5*12. Maximum unfaulted phase voltage for restriking of Type 4 in reactance- 
grounded system of Fig. 5-2, C\ ~ 1.6CV Two restrikes. Curve A, Xco/Xn = 90, 
100-mile artificial line; curve B, Xco/Xn = 300, 30-mile artificial line; curve C, 
Xco/Xn = 900,10-mile artificial line; curve D, X^/Xn = 1,800, lumped capacitance; 
curve E , Xco/Xn = 3,900, lumped capacitance. (Ground-fault neutralizer for 

X l0 /X n = X c o/Xn.) 
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Fig. 5 • 13. Maximum neutral-to-ground voltage for restriking of Type 4 in reactance- 
grounded system of Fig. 5*2, C\ = 1.6Co. Two restrikes. Curve A f Xco/Xn = 90, 
100-mile artificial line; curve £, Xco/Xu — 300, 30-mile artificial line; curve C; 
Xco/Xn * 900,10-mile artificial line; curve D, Xco/Xn = 1,800, lumped capacitance, 
curve Ey Xgo/Xa * 3,900, lumped capacitance. (Ground-fault neutralizer at 

Xio/Xn - Xco/Xn.) 


interruption, then such a building-up process may more logically be 
anticipated. This matter will be discussed more fully in connection 
with switching surges in Chapter 6. 

Results of tests on miniature systems for arcing of Type 4 are 
shown in Figs. 5-12 and 5-13. This type of restriking approximates 
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those conditions which may arise on interruption of a faulted con¬ 
ductor by a circuit interrupting device as described in reference 2. 
The sequence of switching operations applying for results shown in 



Fia 5-14. (a), (6), and (c) Various restnkmg sequences (Type 5) following inter¬ 
ruption of transient hne-to-ground fault current Reactance-grounded system of 

Fig 5-15. 


Figs. 5*12 and 5*13 is as follows. First the fundamental-frequency 
fault current flowing in the arc is interrupted at a current zero. The 
normal recovery voltage then appears across the switch contacts, and 
the arc restrikes at some point on this recovery voltage wave. The 
consequent restrike current is interrupted at its first subsequent cur¬ 
rent zero, a recovery voltage again appears, restriking takes place a 
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second time, the restrike current is again interrupted at its first sub¬ 
sequent current zero, and the final recovery voltage appears. The 
points at which the restrikes occur were adjusted in the miniature- 
system studies so as to give the maximum voltage on any phase to 
ground. 

Figure 5*14 shows some results of restriking of Type 5. The oscil¬ 
lograms in this figure indicate that for circuits of lower natural fre¬ 
quency (i.e., large inductance and/or capacitance) the most probable 
manner in which restriking takes place tends to become rather diffi¬ 
cult to specify and at the same time becomes of increasing importance 



in determining the magnitude of voltages finally reached. One might 
take as a guide to the selection of a restriking sequence the principle 
that the dielectric recovery characteristic of the interrupting device 
never decreases but always increases, or at least remains constant as 
a function of time. Then restriking could never occur as in Fig. 
5-14(b) just after a crest of any oscillatory component of the re¬ 
covery voltage (i.e., when the voltage is decreasing in magnitude) but 
could occur either before or at a crest as in Fig. 5-14(a). On the other 
hand, restriking would not necessarily have to occur at or before such 
a crest, if a later higher crest of either polarity provided a suitable 
opportunity. It must not be inferred that a decrease of effective volt¬ 
age breakdown strength with time after a circuit interruption is im¬ 
possible. In fact, there have been some indications that such action 
may occur in circuit breakers, especially if their construction and 
operation allow the dielectric strength to decrease momentarily at any 
point (e.g., by the formation of a bubble of ionized gas) as the con¬ 
tacts part. 

Comparison of Figs. 5*14(a), (b), and (c) shows the importance 
of the restriking sequence and illustrates the facts that (a) the highest 
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voltages require, in general, a rather long time (about 3 or 4 cycles) 
to build up, and ( b ) a monotonic dielectric recovery characteristic 
(Fig. 5-14(a)) imposes an appreciable limitation on the magnitude 
of the voltage surges attainable. (Compare also Figs. 5*5 to 5*9 with 
Figs. 5-10 and 5*11 to illustrate this point.) 

For most of the systems and types of arcing studied in this chapter 
the maximum surge voltages occur with isolated-neutral systems, 
minimum points occur with systems grounded either solidly or through 
ground-fault neutralizers, and a second maximum point occurs at a 
value of neutral reactance equal to about: (a) one-ninth of the ground- 
fault neutralizer value for arcing of Types 1 and 2; (6) one-sixth of 
the ground-fault neutralizer value for arcing of Type 3, and (c) one- 
fiftieth of the ground-fault neutralizer value for arcing of Types 4 
and 5. 

This second maximum point will occur at greater fractions of the 
ground-fault neutralizer value for systems having very low ratios of 
Xco/Xn (that is, low natural frequencies). 

5*5 EFFECTS OF VARIOUS FACTORS IN SYSTEM CONFIGURATION 

Distribution of System Capacitance. The curves of Figs. 5-5 to 
5*9 are for a system as shown in Fig. 5*2. Figure 5*5, for a system 
with isolated neutral, shows also voltages obtained when the lumped 
capacitance of Fig. 5*2 is replaced by a 100-mile transmission line. 
It is seen that for a rather large source reactance (Xco/Xn = 8.3) the 
surge voltages with the line are greater than with lumped capacitance, 
whereas for a smaller source reactance (X^/Xn = 90) the reverse is 
true. (The ratio of zero-sequence capacitive reactance to positive- 
sequence inductive reactance was determined without considering the 
line inductance.) These results suggest that X^/Xn and Ci/Cco are 
not the only factors affecting the phenomena and that therefore an 
attempt to generalize very much from results obtained from a study 
of restriking in a simple lumped-constant system may sometimes lead 
to erroneous results. Although the trend of the curve of voltage as a 
function of X^/Xn given in Fig. 5*5 appears to be generally indica¬ 
tive, the maximum voltages possible in an actual system may vary 
considerably on either side of these curves, depending on system con¬ 
nections. 

Ratio of Positive-Sequence Capacitance Ci to Zero-Sequence Capaci¬ 
tance C 0 . Figure 5*5 and comparison of Figs. 5*6 and 5*8 and 5*7 and 
5 • 9 show that higher voltages are in general obtained for smaller ratios 
of Ci/Co. 
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It must be pointed out that the effective ratio Ci/C 0 may be less 
than 1, not only for generators, but also for transmission lines and 
systems in general. That is, there is presented to the fault an effec¬ 
tive ratio Ci/Co which depends on its location along the line and also 
on the magnitude of the neutral impedance. For example, for a fault 
at one end of a single unloaded line supplied at the other end from a 
power source whose reactance is small compared to that of the line, 
one might expect very roughly on the basis of an equivalent ir line an 
effective ratio C\/Co of about half of 1.6 or 0.8, if the source is un¬ 
grounded. This ratio is obtained as follows. The ratio Ci/C 0 for a 
transmission line as ordinarily defined neglecting line inductance is 
about 1.6. However, in the positive-sequence circuit viewed from 
the fault, half of the total positive-sequence capacitance of the equiv¬ 
alent tt line is shunted at the source end by the low source reactance 
and so may not be very effective so far as the disturbances produced 
by the fault are concerned. On the other hand, in the zero-sequence 
circuit there is no inductance shunting the part of the capacitance at 
the source end, if the neutral is isolated. Thus the total zero-sequence 
capacitance may be effective. If the source neutral is grounded through 
an impedance the effective capacitance ratio is correspondingly in¬ 
creased, since the neutral impedance is in shunt with the line capaci¬ 
tance at the source end in the zero-sequence circuit. These considera¬ 
tions oring to light two points: 

1. Although it is true that the system performance is completely 
determined by the positive-, negative-, and zero-sequence networks 
viewed from the point of fault, one must be cautious in the interpre¬ 
tation and use of the conclusion that apparently follows, that it makes 
no difference whether, e.g., a high ratio of X^/Xn results from inherent 
properties of the generating network or from an impedance inserted in 
the neutral, since insertion of such an impedance may change the effec¬ 
tive ratio Ci/Co for a given system. 

2. The effective ratio Ci/C 0 and the capacitance distribution are 
in general intimately related, so that it may not be possible to specify 
the probable transient performance by merely stating an overall sys¬ 
tem capacitance ratio and noting whether the system capacitance 
should be classed as lumped or distributed. Instead, the actual system 
configuration may have to be described, and in specific instances 
studied by miniature circuit representation, to obtain a good estimate 
of its performance. 

The voltages of Figs. 5*5 to 5-11, 5*12, and 5*13 may thus be 
exceeded for systems with the effective value of C i less than C 0 . The 
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greatest differences may be expected with isolated-neutral systems. 
Voltages as high as 16 times normal have been obtained for certain 
miniature-system configurations with restriking of Type 3 and with 
Xco/Xn = 200. (Compare with 5*11, where Ci/C 0 = 1.6 and the cor¬ 
responding voltage magnitude is 5.2 times normal.) In the limit one 
approaches the condition of negligible effective C t for a fault supplied 
from a rather extensive system through a small concentrated single 
reactance. This reactance may be a transformer or reactor, or even a 
short length of transmission line or cable. The qualifying words 
“small” and “short” should here be interpreted as indicating (a) a 
sufficiently high natural frequency with the fault applied and (b) a 
comparison to the reactance beyond (from the fault) the principal 
system capacitance. In line-to-line faults this latter reactance is the 
system negative-sequence reactance and is seldom large; in ground 
faults, it is the reactance to ground, and in the isolated-neutral case 
it is infinitely large. Possibly cable could be omitted in the statement 
above because of its usually high ratio of resistance to reactance. 

This discussion of capacitance ratio Ci/C 0 would be incomplete 
without mention of a small system, as for example an industrial plant, 
supplied through a transformer from a large power system. Here the 
effective ratio of C\/C 0 may be considerably greater than unity for 
faults near the supply bus if the supply transformer reactance is small 
compared to the power system reactance, and thus the allowable neu¬ 
tral reactance will be high. Faults sufficiently far out along feeders 
so that the supply system reactance becomes small compared to the 
transformer and feeder reactance revert to the case of Ci/Co near 
unity and therefore require consideration of a proper neutral react¬ 
ance as indicated in reference 2. 

Fault Resistance. Figure 5*16 shows the effect of fault resistance 
in reducing overvoltage caused by arcing of Type 2. Figure 5*17 
similarly shows the effect for restriking of Type 4. Both figures are 
for systems with isolated neutral. 

The data of Fig. 5*16 are for the system of Fig. 5-2. A similar 
study in which 100 miles of artificial three-phase transmission line 
was substituted for the lumped capacitance of Fig. 5*2 has shown that 
fault resistance may at first slightly increase the voltages if: (a) 
X c0 /X n is sufficiently large, e.g., 90; and (b) the line has sufficient 
resistance, e.g., if the ratio of positive-sequence resistance to positive- 
sequence reactance in the line is on the order of 0.4 and the correspond¬ 
ing ratio of zero-sequence quantities is about unity. 
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Fig. 5 • 16. Effect of fault resistance Rf on maximum sound phase voltage for arcing 
fault of Type 2 in isolated-neutral system of Fig. 5 • 2, Ci *» Co. Curve A, Xco/Xn = 
8.2; curve B , X^/Xn — 29; curve C, Xco/Xn = 89; curve D, Xeo/^u “ 290; 
curve E, Xco/Xa — 890. 



3 Rr/X* 

Fig. 5*17. Effect of fault resistance Rf on maximum sound phase voltage for 
restriking of Type 4 in isolated-neutral system of Fig. 6*2, C\ » Co- Two re- 
strikes. Curve A, X^/Xn * 89, lumped capacitance; curve £, X^/Xn — 89, 100 
miles of artificial line; curve C, Xcq/Xh — 890, lumped capacitance. 
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Non-Linear Resistor in Shunt with Neutral Reactor. It has been 
pointed out 2 that resistance in shunt with the neutral reactance is bene¬ 
ficial as far as surges resulting from restriking of Type 4 are con¬ 
cerned, and that a resistance sufficiently small to produce critical 
damping of the ground circuit is more than sufficient to prevent suc- 



Fig. 5-18. Effect of degree of non-linearity on resistance required in shunt with 
neutral reactor to prevent successive restriking of Type 4, C\ * Co. R — shunt 
resistance at normal leg voltage crest; R e = critical damping resistance for ground 
circuit; Xi n ** inductive reactance of ground circuit — Xio /3 for a three-phase sys¬ 
tem; X cn « capacitive reactance of ground circuit — Xeo/3 for a three-phase sys¬ 
tem; iR y e «■ resistor current, voltage. 

cessive restriking. It is evident that the shunt resistor can be a non¬ 
linear element such as Thyrite, and Fig. 5*18 shows the effect of the 
degree n of non-linearity on the amount of resistance required. The 
ratio of required resistance R at normal leg voltage to critical damp¬ 
ing resistance R c for a system with high neutral reactance X in and 
high natural frequencies is shown to increase as the non-linearity 
increases. 

A Gapped Resistor Such as a Lightning Arrester . Figure 5*19 shows 
a typical example of the voltages obtained with a reactance-grounded 
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system and with restriking of Type 4, as affected Jby the gap spark- 
over setting and Thyrite resistance in series with the gap. The 
ground circuit critical damping value is indicated on the abscissa as 
R e == 900 ohms. 

An arrester is seen to be effective in holding down the surge voltage 
magnitude. Thus, even when the surge energy may be sufficient to 
cause arrester damage, damage to other equipment may still be pre¬ 
vented by the presence of the arrester. 



Thyrite shunt resistance-thousands of ohms at 
normal crest leg voltage 


Fig. 5*19. Effect of gapped Thyrite in shunt with neutral reactor on maximum 
sound phase voltage for restriking of Type 4 in reactance-grounded system of Fig. 
5*2. Xiq = 557 ohms; Xn = 13.9 ohms; X r o = 53,000 ohms; X c \ — 33,100 ohms; 
Xio/Xn * 40 ohms; X c o/Xn — 3,820 ohms; R c — ground circuit critical damping 
resistance. Four upper curves—2 restrikes. Two lower curves—no restrikes. 
Numbers on curves are breakdown voltage of series gap in multiples of normal crest 

leg voltage. 


5*6 EFFECTS OF NEUTRAL GROUNDING IMPEDANCE 

It is evident that there are many factors that affect the choice of a 
proper method of system neutral grounding and that all of them must 
be considered carefully if the best overall method is to be obtained. 
The discussion here is concerned only with the effects of neutral im¬ 
pedance on overvoltages produced by arcing faults of the types de¬ 
scribed in the foregoing sections. It should be emphasized that there 
are other types of arcing and switching surge phenomena which can 
occur, each kind being somewhat differently affected by the method 
of system neutral grounding. The types of restriking under discus¬ 
sion are to be thought of as being associated with arcs in general, i.e., 
arcs in air, or in an interrupting device such as a fuse or circuit 
breaker. 
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The results summarized thus' far and results of numerous other 
miniature-system studies indicate that it is possible to prevent the 
building up of excessive voltages due to arcing of the types discussed 
in this chapter by (1) keeping the zero-sequence reactance under the 
critical value shown by Fig. 5-20 (see reference 2), (2) using a 
ground-fault neutralizer for the neutral reactor, or (3) shunting the 
reactor by a suitable resistor. 



0 0.5 1.0 1.5 2S) 2.5 

Ct/Co 


Fia. 5*20. Critical ratio of zero-sequence reactance Xio to positive-sequence react¬ 
ance Xn , as a function of ratio of positive-sequence capacitance C\ to zero-sequence 
capacitance Co. Successive restriking may result in increased overvoltage if Xio/Xn 
exceeds the critical value. 

If the neutral reactance is obtained by means of a small grounding 
transformer rather than by a neutral reactor, it may still be possible 
to use an effective shunt resistor when a near-by large transformer is in 
operation, by putting a resistor in the neutral-to-ground circuit of the 
large transformer. If the reactance of the large transformer is suffi¬ 
ciently small compared to that of the small grounding transformer, 
the resistor will be effectively in parallel with the neutral reactance 
in the zero-sequence circuit. Any case for which such a scheme is 
proposed should be studied to find out, in the first place, if it is feasible 
when the transformer size and system connections are considered. In 
the second place, the required value of resistance should be carefully 




124 


EFFECTS OF ARC RESTRIKING 


determined. The fact that there is some transformer reactance in 
series with this resistor, the two elements being in parallel with the 
main neutral grounding reactor, renders the resistor less effective in 
its ability to damp out oscillations. The inherent reactance in an 
ordinary cast grid neutral resistor may be sufficient to impair its damp¬ 
ing ability in this regard. This fact requires careful evaluation in 
connection with any neutral grounding scheme that employs a reactor 
and resistor in parallel. Frequently, the low value of neutral resist¬ 
ance required to obtain the desired damping effect may make it pref¬ 
erable to omit the reactor entirely and use the resistor alone. 

5-7 CONCLUSIONS 

The principal conclusions to be drawn from the material in this 
chapter based on transient analyzer studies are: 

1. The results obtained cannot always be generalized to make them 
applicable to all systems. Certain general principles and effects have 
been discussed in order to show the trends in voltage surge severity 
which may be expected, but in particular instances it may be advis¬ 
able to study the system in question (possibly by means of miniature- 
circuit representation), rather than to estimate the probable effects 
from general data. This is particularly true in evaluating quantita¬ 
tively the effects of arresters or other resistors in reducing the magni¬ 
tude of voltage surges. 

2. For most of the systems and types of arcing studied, resistance 
grounding results in lower transient overvoltages than reactance 
grounding except at, and in the region immediately below, the ground- 
fault neutralizer impedance. 

3. For either reactance- or resistance-grounded systems the volt¬ 
ages caused by arcing faults are not greatly different from those aris¬ 
ing from simple application or removal of a solid fault. 

4. For isolated-neutral systems voltages very much higher than 
those arising from simple application or removal of a solid fault may 
occur with certain types of restriking (Type 3). 

5. Frequently the effective capacitance ratio Ci/C 0 and reactance 
ratio Xhq/Xix viewed from the fault, together with the approximate 
circuit natural frequencies, can be used as guides to the evaluation of 
the probable severity of switching surges. 

6. For reactance-grounded systems the voltages caused by switch¬ 
ing surges and arcing faults have their maximum at a neutral react¬ 
ance from about one-fiftieth to one-third of the ground-fault neutral- 



REFERENCES 125 

izer value, depending on the type of arc restriking and on the circuit 
natural frequencies. 

7. From the standpoint of arcing faults, methods of system ground¬ 
ing that should be satisfactory are: (a) solid grounding; ( b ) ground¬ 
ing through moderate values of resistance; (c) grounding through a 
ground-fault neutralizer; and (d) grounding through moderate values 
of reactance, if a study of the system in question, based on the consid¬ 
erations treated above, indicates that unduly high surges will not re¬ 
sult. If a very low neutral reactance is used (for example, if the re¬ 
sulting ratio X l0 /X n is less than about 5) a detailed study should not 
be necessary. 

8. For the interruption of capacitance fault currents (ground faults 
in isolated-neutral systems), circuit breakers should be used that have 
a minimum tendency to restrike. 
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6 SWITCHING SURGES— 
CAPACITIVE CIRCUITS 


61 INTRODUCTION 

From the preceding chapter it is clear that restriking of an arc 
need not necessarily be followed or accompanied by destructive over¬ 
voltages. This is a comforting observation in view of the difficulties 
encountered in attempting to build interrupting devices that do not 
restrike. It may seem somewhat surprising that most circuit inter¬ 
rupting devices do restrike. Those that do not are the exceptions if 
there are any. Even the fastest high-speed circuit breakers are ex¬ 
pected not always to complete the interruption of currents of all mag¬ 
nitudes at the first current zero subsequent to the parting of the con¬ 
tacts. To anyone who has observed the opening of an ordinary dis¬ 
connecting switch when it was carrying current, the phenomenon of 
restriking will be remembered as having been observed audibly, vis¬ 
ibly, and possibly also by the sense of smell. 

If restriking of an arc, in a circuit breaker for instance, takes place 
before the normal recovery voltage has reached an appreciable mag¬ 
nitude, there should be no overvoltages produced of any serious mag¬ 
nitude. If, on the other hand, restriking is delayed until the recovery 
voltage has reached a higher value, approaching the maximum 
transient value, then the consequences may for certain system connec¬ 
tions, or for certain switching operations, be serious in that over¬ 
voltages of still greater magnitude may be produced. The restrike it¬ 
self is identified with a sudden reduction in voltage across the circuit 
breaker contacts. Thus a voltage surge, or voltage change, occurs 
which may or may not result in overvoltages on the system. 

One of the common types of switching surges is associated with 
“line dropping,” i.e., switching a line out of service. It is the purpose 
of this chapter to outline the fundamental nature of the mechanism 

126 



THE BASIC CAPACITIVE CIRCUIT 


127 


whereby overvoltages may be produced during interruption of capaci¬ 
tive circuits. The significance of the problem from the standpoint 
of the circuit breaker designer as well as the system designer becomes 
clearer when it is pointed out that, every time a faulted line or cable 
is switched out of service, one or two phases will open a capacitive 
circuit, depending on the type of fault. Only for a three-phase-to- 
ground fault will there be no capacitive circuit interruption. Further¬ 
more, the similarity between the circuit encountered in the line-drop¬ 
ping problem and the circuit encountered in clearing ground faults 
on isolated-neutral systems will be discussed. 

6-2 THE BASIC CAPACITIVE CIRCUIT 

The elementary basic circuit is shown in Fig. 6*1. It consists of a 
source of generated sinusoidal voltage e, a capacitor C, a small induc¬ 
tance L, and a switch S, all in series. The natural frequency / = 
1/2 iry/LC is assumed to be high as compared with the generator fre¬ 
quency. The switch S is assumed to be originally in a closed position 
so that a steady-state sinusoidal current flows prior to the initial 
opening of the switch. A half-cycle of this steady-state capacitor 
current is shown as i 8 in Fig. 6*1(c). At the current zero following 
this half-cycle, the switch *S, is suddenly opened at t = t 0 , as indicated 
in Fig. 6* 1(c). Interruption is assumed to be ideally instantaneous, 
so that current flow is completely stopped for the moment. Since cur¬ 
rent flow has stopped, the charge on the capacitor C remains un¬ 
changed and the capacitor voltage V c remains constant as shown in 
Fig. 6-1 (d). In the meantime the source voltage e is reversing, and 
the voltage across the switch V 8 is therefore changing with time as 
shown by Fig. 6*1 (e). A half-cycle after the initial opening of the 
switch, the voltage across the switch is twice the normal crest value of 
e, or 2e lnox . If the switch restrikes, or if the switch is closed at this 
instant, t = t Xl a current ii shown in (c) will flow, which is essentially 
of natural frequency determined by / = 1/2*r\/ LC. The magnitude 
of it is essentially 2e max /\/L/C . 

If the switch is left closed, this natural-frequency current would 
continue to flow and, of course, the steady-state component would 
flow also. However, if the switch S is opened at t = t 2 , some signifi¬ 
cant consequences are observed. During the interval ti < t < t 2) the 
capacitor voltage which was e mfkX reversed to a value of —3e max - The 
change in voltage across the capacitor was therefore 4e mar , or twice 
the voltage that existed across the switch at the instant of restriking, 
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t = t\. With the switch opened again ideally at t = t 2 , this voltage 
of —3e max is left on the capacitor and V e remains constant for the 
moment following t = t 2 . 



Fia. 6*1. Elements of capacitive circuit interruption with restriking. Two restrikes, 
(o) Basic circuit; (6) generated voltage e; (c) current i; (d) capacitor voltage V c ; (e) 

switch voltage V t . 

In the meantime, however, the source voltage e reverses again so 
that at t = £ 3 , which is essentially a half-cycle after the second open¬ 
ing of the switch, the voltage V 9 is 4e max . If a restrike occurs at this 
instant, or if the switch is again closed ajt t = £ 3 , a current 4 will flow. 
Again it is the same natural frequency as ii, but the magnitude is 




129 


SWITCHING PART OF TOTAL CAPACITANCE 

twice as great, being essentially of maximum value 4e max /v'L/C r . If 
the switch were left closed, this natural-frequency current and the 
steady-state current, of course, would continue to flow. However, 
again assume that the switch is opened at the first subsequent current 
zero, £ = £ 4 following the restrike at £ = £ 8 . During the interval 
ts <t < £ 4 , the capacitor voltage which was —3e max reversed to a 
value of +5e max . The change in voltage across the capacitor was 
therefore 8e max , or twice the voltage that existed across the switch at 
the instant of restriking, £ = £ a . With the switch opened again ideally 
at £ = £ 4 , this voltage, -f-5e max , is left on the capacitor and V e remains 
constant at this value for the moment following £ = £ 4 . 

This sequence of events, of systematically opening and closing 
switch S, could be carried on indefinitely to any number of restrikes, 
and voltages could be built up without limit theoretically if there 
were no losses in the circuit. In any such simple circuit, as long as L 
is small and the natural frequency is large as compared to the fre¬ 
quency of the generated voltage, such systematic restriking results in 
a capacitor maximum voltage sequence of 1, 3, 5, 7, ••• etc.; the 
corresponding switch maximum voltage sequence is 0, 2, 4, 6, • • • etc. 

In this building-up process, the facts that (1) restrikes were de¬ 
layed and (2) that subsequent interruptions of the current took place 
at the first current zero following a restrike must be emphasized. This 
is the worst sequence from the standpoint of producing overvoltages, 
i.e., it produces the most overvoltage per restrike of any switching 
sequence for a circuit of this basic type. Interrupting devices in gen¬ 
eral are not aware of this fact, although some in actual field tests 
have shown an uncanny ability to hit closely upon such a sequence as 
will be shown later. It is only fair to point out that, if restriking 
occurs earlier, that is if £1 is more nearly equal to £ 0 , then the voltage 
across the switch V 9 is correspondingly reduced, and serious overvolt¬ 
ages are not produced even though interruption occurs at the first sub¬ 
sequent current zero. Thus, restrikes can take place without produc¬ 
ing overvoltages. It is purely a question of delays of restrikes and 
subsequent timing of interruptions in the capacitive circuit as outlined 
above that will determine whether or not overvoltage will be built up. 

6-3 EFFECT OF SWITCHING ONLY A PART OF TOTAL CAPACITANCE 

Consider the circuit in Fig. 6*2. It is exactly the same as Fig. 6-1(a) 
except that a capacitance C a is left unswitched on the bus. Assume 
as in Fig. 6*1 that the switch S is opened instantaneously at a cur¬ 
rent zero at £ = £ 0 . After a half-cycle has passed, the conditions are 
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exactly as they appear in Fig. 6*1 before t = t±. If the switch is 
closed now at t = t lf there will immediately be a redistribution of 
charge between C and C a which will be instantaneous; i.e., there will 
be a very high current for a very short time at the first instant. Thus 
the capacitor voltage V C) which was left at +e max during the interval 
from t = 0 to t = ti, is suddenly at t = t x reduced from +e max to a 
lower value. The change in voltage, AF C , on closing the switch £ at 
t = ti can best be evaluated by applying superposition and inquiring 
as to what voltage appears across C when we suddenly impress a volt¬ 
age V 8 across the switch, L being considered an open circuit. Since 



Fig. 6*2. Capacitive circuit interruption leaving part of capacitance on bus. It is 
assumed that natural-frequency oscillations will be damped out of the L-C a loop 
during the half-cycle between restrikes. 


this voltage will divide between C a and C inversely in proportion to 
the capacitance values, it is evident that the change in voltage is 


AF C = 


V 8 


C a 


C a + C 


[ 6 - 1 ] 


Thus, immediately following the occurrence of a restrike at t — 
the instantaneous capacitor voltage V c is 


V e — Cjnax 2e ma 


C a + C 


" w ( 1 2 c„ + c) 


[ 6 - 2 ] 


The oscillation in V c following this restrike starts from this initial 
value, continues on to negative values, and overshoots the — e max 
value by an amount that is the difference between the value given by 
equation [6*2] and — e max , or 


Fo " emax (l + 2 c o + c) 


[6-3] 
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This value will occur at the instant of first current zero subsequent 
to the restrike as at t = t 2 in Fig. 6*1. If the switch S is opened sud¬ 
denly at this time, then this value of voltage will stay on the capacitor 
C until a second restrike occurs. 

The maximum values of switch and capacitor voltage following 
initial interruption for any number of restrikes can be expressed in the 
form of a series for this circuit. Let V s0} F a i, V s2 , etc., equal the maxi¬ 
mum voltage across the switch expressed as multiples of c max for no 
restrikes, 1 restrike, 2 restrikes, etc. Similarly, let also V <*>, V cl) V c2 , 
F c3 , etc., equal the maximum voltage across the capacitor C following 
no restrikes, 1 restrike, 2 restrikes, etc. Then the following table can 
be constructed: 


V* - 2 

‘'•■- 2+2 (cdh) 


v * = 1.0 


\ 

\ 

i — 

\ 


* 2 + b -fafc)Mc) -<■+[»+*■(gScMfeSc) 


It is clear that, in general, 


T/ . n = 2(1 + A + A 2 + A 3 + • • • A n ) 
and 

Vcn = 1 + 2(A + A 2 + A 3 +. • - A n ) 


[6-4] 
[6 + 5] 


where A = C/(C a + C). These series hold for the idealized circuit 
under discussion for any number of restrikes. 

For any number of terms in the series, S n = l + «4 + - 4 2 + - 4 3 H- 

A n , the value of the sum of the n terms is, as is shown in any introduc¬ 
tory textbook on series, S n = 04 n+1 — 1 )/{A — 1). Therefore, for any 
given number of restrikes n, from equations [6 • 4] and [6 • 5] the maximum 
voltages are 


_ 2(A n+1 - 1) 
A - 1 


[6*4'] 


2A n+1 - A - 1 


A - I 


L6-5'] 
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If A is less than 1, then for an infinite number of restrikes 


V 


800 


2 

1 - A 
1 +A 
1 - A 


[ 6 - 6 ] 

[6-7] 


If A = 1.0, the series does not converge and the voltages approach an 
infinite magnitude as n approaches infinity. Thus, for an infinite 
number of restrikes with C a = 0 and A = 1 (which is true in Fig. 6-1, 
where all the capacitance is switched off), there is no limit to the 
voltages that can be built up due to restriking in accordance with 
this analysis. Where C a is appreciable, A is less than 1 and both 
series will converge. The limiting values of voltage are given by 
equations [6*6] and [6-7]. 

Generally, interest centers in the relative effects of 1, 2, or 3 re¬ 
strikes although, for ground faults in isolated neutral circuits, a larger 
number may be of some interest, especially if operation of the system 
is felt imperative for long periods with ground faults on the system, 
or if a capacitive circuit is opened by means of a slow switch (i.e., one 
taking quite a number of half-cycles to complete the interruption). 
The following table shows the calculated effect of partial capacitance 
switching for 1, 2, and 3 restrikes, using equations [6*4'] and [6-5']. 


1 Restrike 2 Restrikes 3 Restrikes 


A 

Vsl 

V cl 

V e2 

Vc2 

V.3 

V c3 

1.0 

4.0 

3.0 

6.0 

5.0 

8.0 

7.0 

0.75 

3.5 

2.5 

4.625 

3.625 

5.47 

4.47 

0.5 

3.0 

2.0 

3.5 

2.5 

3.75 

2.75 

0.25 

2.5 

1.5 

2.625 

1.625 

2.656 

1.656 


The maximum voltages are given in multiples of e max . It is clear 
that the maximum overvoltage possible per restrike is decreased con¬ 
siderably as a smaller fraction of the total capacitance is switched 
off the bus. This is a fact of considerable practical importance in 
power system operation for generally there are several lines radiating 
from a bus. When any one line is being switched, the maximum pos¬ 
sible overvoltage for a given number of restrikes will therefore be re¬ 
duced by the presence of the other lines. Only for the last line, or the 
last cable, or the last capacitor bank will A approach the value 1.0 
and the worst conditions for producing overvoltages prevail. 
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6 4 GROUND FAULTS IN ISOLATED-NEUTRAL SYSTEMS 

It is easily shown that the circuit of Fig. 6-2 applies for a ground 
fault in an isolated-neutral system. Consider the three-phase circuit 



L 



Fia. 6 • 3. Equivalent circuit for single-line-to-ground fault in isolated-neutral system. 

of Fig. 6*3(a). The symmetrical component equivalent circuit is 
shown in Fig. 6*3(6). If positive- and negative-sequence constants 
are equal, then Fig. 6-3(c) represents a simpler version, directly valid 
for the voltage across C 0 , which is very useful here. It is immediately 
apparent that this circuit is identical with that of Fig. 6*2 and that 
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the analysis of the foregoing section applies directly if, for C ay the 
value of Ci/2 is substituted, and, for C, the value of C 0 is substituted. 
In a typical isolated-neutral system, the value of C i/2 should be about 
0.8C o . Therefore, 

C 0 1 

A =---= — = 0.555 

0.8C 0 + Co 1.8 

and for 2 restrikes one would expect from equation [6*4] the maxi¬ 
mum voltage across the switch (which is voltage to ground) to be 
3.73. Thus it appears from these theoretical considerations that arc¬ 
ing faults in isolated-neutral systems may be productive of over¬ 
voltages. 

It is interesting and significant at this point to evaluate the effect 
of shunt capacitors for power factor correction in isolated-neutral 
systems. The factor A is determined by A = C 0 /[(Ci/2) + C 0 ], in 
which shunt capacitors contribute to C x but not to C 0 as ordinarily 
applied. Therefore A is generally made very much smaller by the 
addition of such capacitors since they would usually be much larger 
than the inherent zero-sequence capacitance of a typical isolated- 
neutral system. In fact, it would appear that power factor correction 
capacitors might be excellent protection against overvoltages that 
might possibly be encountered during clearing of ground faults in iso¬ 
lated-neutral systems. As the value of A approaches zero, the maxi¬ 
mum voltage obtainable for any number of restrikes is 2.0, although 
on the unfaulted phases a somewhat higher voltage might be expected 
due to the somewhat higher than normal voltage transient on these 
phases when the fault restrikes. 

It will be recognized that this type of arcing was classified as Type 
3 in the preceding chapter. In isolated-neutral systems some rela¬ 
tively high voltages due to this type of arcing up to 16 times normal 
have been observed under controlled miniature-system conditions for 
an infinite number of restrikes. One might wonder how such high 
voltages could be obtained in view of the foregoing discussion, but it 
must be emphasized that the analysis in this section is based on a very 
simple lumped-constant circuit, whereas the miniature-system ap¬ 
proach made it possible to consider many very complicated circuits. 
This analysis is intended merely as a guide rather than a rigorous 
basis for analysis for systems in general. It should check miniature- 
system results approximately for simple lumped-constant circuits, 
however. Such checks can be made by referring to the results in Fig. 
5*17, curves A and B for no fault resistance, and curve A of Fig. 5*12 
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for Xio/Xn = oo. The agreement is very reasonable, in view of the 
simplifying assumptions made in the analysis in this section. 



Fig. 6 • 4. Capacitive circuit interruption with distributed line constants. 

6*5 DISTRIBUTED-CONSTANT EFFECTS 

Consider next the single-phase circuit of Fig. 6-4, consisting of a 
source of sinusoidal voltage e, an inductance L, and a transmission line 
with surge impedance Z. With the switch S in the closed position, the 
unloaded transmission line is capacitive at fundamental frequency for 
practical line lengths, so that, prior to the initial opening of the switch, 
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the current i 8 flowing from the generator is capacitive. Let L be small 
as before. When the switch S is opened initially at a current zero as 
in Fig. 6-4(c), the voltage on the transmission line is left at the e m&x 
value, as shown in Fig. 6-4(d).. V a is the voltage to ground at the 
sending end and up to this point may be considered uniform through¬ 
out the length of the transmission line without significant error. (The 
error depends on line length.) After this initial opening of the switch, 
the voltage across the switch increases in magnitude as shown in Fig. 
6*4(e) until a maximum of 2e max is reached just as for the cases con¬ 
sidered previously in this chapter. 


z 


Fig. 6 •§. Equivalent circuit viewed from switch for a restrike with distributed 
line constants. System of Fig. 6-4(a). 

If the switch is closed (or a restrike occurs) at the instant of maxi¬ 
mum voltage, V 8 suddenly drops to zero. The effects can be simulated 
mathematically by impressing suddenly a voltage 2e max at the switch 
S. The circuit viewed from the switch for such a suddenly impressed 
voltage is as shown in Fig. 6*5. The current that flows as a result of 
this suddenly impressed voltage is obtained by solving the differential 
equation. 

Lpi + Zi — — 2e m&x [6*8] 

From this equation, 

«=- —(i- [6-9] 

z 

The change in V a due to this restrike is equation [6 -9] multiplied by Z, 
or 

AF a = — 2e max (l - r {Z/L)t ) [6*10] 

The value of V a during this transient period just following the restrike 
is 




DISTRIBUTED-CONSTANT EFFECTS 137 

V a - w - 2e max (l - «- <z/L)< ) 

= e max (— 1 + 2t~ (Z/L)t ) [6-11] 

From this expression, it is apparent that V a does not change in¬ 
stantly, but exponentially in accordance with a time constant L/Z. 
It approaches the value — 1 as t increases as shown in Fig. 6*4(d). 

The change in voltage, AF 0 , given by equation [6*10] travels away 
from the generator end as a traveling wave with the velocity of light. 
At the open end b , the wave is totally reflected positively, and, neglect¬ 
ing any attenuation in the line, the same wave returns to the switch 
S after having traveled out to b. The voltage at a due to this wave 
impinging upon the terminal a is 


from which 


4V «« * (?Tb) iF * w 

A V R = -4e ma x Btf~ Bl 


[ 6 - 12 ] 


in which B — Z/L and time is now measured from the instant of re¬ 
turn of the initial wave to the generator end of the line. Equation 
[6*12] is exactly the same as that given by equation [3*27]. This 
voltage must be added to that already existing at a and given by 
equation [6*11]. Thus, if it is assumed that equation [6*11] has 
essentially reached its final value of —e mtkX (this depends on the 
length of line and the time constant 1 /B), then equation [6*12] added 
to it will cause an additional increase in magnitude with time. 

In order to show how the voltage on the line at point a reaches a 
value of essentially — 3e max , it will be necessary to inquire with regard 
to the transient current zero following the return of AF tt as given by 
equation [6*10]. If the time constant 1/B is small compared to the 
time required for a wave to travel out to the far end b and back again, 
then, when AF 0 as given by equation [6*10] returns to a at t = tf y 
the current ii will have reached a steady value given by i = — 2e m * x /Z. 
See Fig. 6*4(c). The returning voltage wave impinges upon the source 
inductance L and gives rise to a current that is the integral of equa¬ 
tion 6*12 divided by L. This current is 


: [i _ _ Btr m ] 


[6-13] 


If this be added to the steady current already existing in L at $ = t*, 
then the resultant current in L following t = V is 
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H = i + i' _ _= + =[! - - BU~ Bt ] 

zz 

= 4^ j 1 _ [6-14] 

This current reaches a value of zero at Bt = 1.68. This is after AF r 
given by equation [6*12] has reached its negative maximum value 
of — 1.47e max at Bt = 1.0. At this instant of current zero, t = t 2 , if in¬ 
terruption is assumed, the voltage on the line at this instant is essen¬ 
tially 3.0 throughout its length. At point a, the voltage reaches this 
value of — 3e max shortly after the interruption of current at t = t 2 . 
Actually, there will be a small oscillation on the line due to the redis¬ 
tribution of charge on the transmission line subsequent to the inter¬ 
ruption at t = t 2 , but this is omitted in Fig. 6*4. 

Accompanying the initial voltage wave given by equation [6*10] 
as it traveled away from a was the current wave given by equation 
[6-9]. When it reached the open end b it was totally reflected nega¬ 
tively and, as the voltage and current waves travel back towards a, 
the line is left uniformly charged to a voltage of — Se max and the cur¬ 
rent in the line is zero. In other words, in the line, the returning cur¬ 
rent wave cancels the initial outgoing current wave as time increases. 

It follows without detailed elaboration that a second closing of the 
switch at t 3 will result in a reversal of line potential, again leaving it 
uniformly charged to a value of essentially +5e max simultaneously 
with the occurrence of a current zero at t 4 . Again, if the switch is 
opened at this instant, the voltages are as shown in Fig. 6*4. 

It appears therefore that, although there are basic differences be¬ 
tween the lumped-constant and distributed-constant phenomena, the 
results are essentially the same. Thus, for the maximum switch volt¬ 
ages with lumped constants, the series was 2, 4, 6, etc. For distributed 
constants, the series is the same for the switch voltages. Similarly 
for lumped constants, the capacitor maximum voltage series was 1, 3, 
5, 7, etc., and for distributed constants, the maximum line voltages 
follow this same series. 

6-6 PREVENTIVE MEASURES-EFFECT OF BREAKER SHUNTING 

Resistors. Although it is not to be inferred that all interrupting 
devices will produce high overvoltages when interrupting capacitive 
circuits, there are conditions under which it may be desirable to elimi¬ 
nate the possibility of building up high voltages due to restriking. 
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One scheme that has been found highly successful in accomplishing 
this very desirable objective is to provide resistors across the breaker 
interrupting contacts which will remain in parallel with these contacts 
for a few half-cycles following initial contact parting. After these few 
half-cycles have passed, the resistors can be switched out as part of 
the normal breaker operation. The effectiveness of the method is 
quite complete. 

The transient analyzer was found most useful in studying the effec¬ 
tiveness of such shunting resistors. Figure 6-6 shows a circuit ar- 

X 1 of transformer 82% 

Xi of generator 24.6% 


Ground fault 
neutralizer 

Fio. 6*6. Miniature system studied with the transient analyzer the results of which 
are shown in Figs. 6-7 and 6*8. 

rangement which was studied in detail with a resistor R across the 
switch in phase a between a and a'. In this miniature system inter¬ 
ruption with controlled restriking of Type 4 (Chapter 5) was made to 
take place in phase a. Phases b and c were opened or closed as de¬ 
sired. The ground-fault neutralizer was in the circuit or shorted out as 
desired. Furthermore, many other system parameters were varied at 
will. The source reactances are based on 82,500 kva. 

Figure 6 • 7 shows some typical transient analyzer oscillograms illus¬ 
trating the phenomena of line charging current interruption with 
and without the shunting resistor R in the miniature system of Fig. 
6*6. This figure is for the first phase to clear (phases b and c closed) 
with the system neutral solidly grounded. Voltages across the switch 
contacts are shown to reach values between four and five times normal 
line-to-neutral crest voltage with two restrikes and without the re¬ 
sistor. When a resistor R of 4,600 ohms is inserted as shown in Fig. 
6*6, these voltages are substantially reduced, as shown by other 
oscillograms in Fig. 6*7. Line voltages and bus voltages to ground 
are also shown. 
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Fig. 6 • 7. Transient analyzer oscillograms illustrating the phenomena of line charging 
current interruption with and without shunting resistor in the miniature system of 
Fig. 6-6. The ordinate is times normal line-to-neutral crest voltage. Numbers on 
oscillograms show number of restrikes in each instance. A, voltage across the switch 
in phase a; (Al) no shunting resistor; ( A2 ) 4,600 ohms shunting resistor; B, line-to- 
ground voltage on line side of switch in phase a; (B 1) no shunting resistor; (£2) 
4,600 ohms shunting resistor; C, line-to-ground voltage on source side of switch in 
phase a, no shunting resistor. 
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It is evident from these oscillograms that the shunt resistors are 
effective in (1) reducing the a-c voltage on a line being switched out 
before the final break is completed and (2) reducing the d-c voltage 
left on the line. 

With no restriking, the bus voltage at the source is seen to drop 
noticeably because of the interruption of leading current. However, 
if restriking takes place, rapid changes in bus voltage can occur which 
may reach relatively high magnitudes as shown. Voltages on the bus 
side may be considerably higher than those shown if the neutral im¬ 
pedance is high. 

A representative indication of the severity of overvoltages is the 
voltage across the breaker contacts during interruption. Therefore, 
the generalized curves of Fig. 6*8 show this voltage as a function of 
the amount of shunting resistance R for various system conditions. 
It appears from these curves that there is no particularly critical value 
of shunt resistance required, but that any value of the order of 2,000 
to 4,000 ohms would accomplish a very substantial reduction in over¬ 
voltage severity, regardless of the method of system grounding and 
for any phase to clear, that is, whether it is the first, second, or last 
phase to clear. 

Although even lower values of resistance would appear more effec¬ 
tive in controlling these overvoltage magnitudes based upon Fig. 6-8, 
it must be emphasized that the resistor R must be switched out also to 
complete the interruption. If R is made very low, then this last inter¬ 
ruption becomes essentially the same as if there were no resistance 
at all. Therefore, based upon this fact and other considerations it 
seems most desirable to conclude that a resistor of from 2,000 to 4,000 
ohms would give the best overall results for the system shown in 
Fig. 6*6. 

It has been shown by this study and numerous similar studies that 
the effectiveness of a given resistor used in this manner to control 
switching surge overvoltages depends on the length of line being 
switched in that particular phase. More generally speaking, in power 
systems it depends on the microfarads of capacitance being switched 
off. The ratio R/X 0f where R is the resistor shown in Fig. 6-6 and X 0 
is the capacitive reactance in ohms at generated voltage frequency of 
the capacitance being interrupted, is the real criterion of effectiveness. 
For the case under discussion X ci was 800 ohms. The range of R 
values from 2,000 to 4,000 ohms would correspond to a range of R/X c i 
values of from 2.5 to 5.0. 
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As long as the ratio of R/X c is kept within this range, resistors will 
be effective in substantially reducing the severity of transient over¬ 
voltages due to delayed restriking in capacitive circuit interruption. 
This statement holds for switching (1) transmission lines, (2) cables, 
(3) shunt capacitors, and (4) ground faults in isolated-neutral 
systems. 



0 1000 10,000 100,000 00 
Breaker shunt resistance -ohms 

Fig. 6-8. Effect of breaker resistors in reducing transient overvoltages during 
switching. Voltages shown are the maximum possible across the breaker for two 
restrikes in the phase being switched for any phase to clear, that is, first, second, or 
last. A, system neutral solidly grounded; B , system neutral grounded through 
ground-fault neutralizer tuned to 260 miles of line; C, system neutral grounded 
through ground-fault neutralizer tuned to half (130 miles) of the total of 260 miles 

being switched. 

In the isolated-neutral system, the ratio R/X c as used above is not 
concerned with positive-sequence capacitance but is concerned with 
zero-sequence capacitance. The X c used for determining the effective¬ 
ness of the resistor R in a given instance should be 3X o0 where X o0 is 
the total system zero-sequence capacitive reactance. 

If a resistor is selected on the basis of sufficiently reducing transient 
overvoltages for the longest line that a given breaker is likely to be 
called upon to interrupt, then that resistor should be even more effec¬ 
tive in reducing transient switching voltages for shorter lines, although 
the surge associated with the final interruption of resistor current is 
likely to be slightly increased for switching very short line lengths. 
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Figures 6*9 and 6*10 show how such resistors are actually used in 
a high-voltage circuit breaker. Laboratory tests using this breaker 


have shown that the presence of 
the resistors is also effective in 
reducing the arcing time when 
the breaker is interrupting induc¬ 
tive (short-circuit) currents. Re¬ 
sults of such a series of tests are 
shown in Fig. 6*11. 

In order to test the effectiveness 
of the breaker shown in Figs. 6*9 
and 6*10 when equipped with 
these resistors (3,000 ohms in 
each phase) under actual system 
operating conditions, a series of 
field tests was made during the 
week end of March 27 to 30, 
1942, on the 230-kva No. 8 oil- 
circuit breaker in the switchyard 
of the Southern California Edi¬ 
son Company, at Boulder Power 
Plant. 10 This breaker is a tank- 
type breaker which contains 
multi-break interrupters and has 
an interrupting time rating of five 
cycles. 

All tests were circuit opening in 
which only the charging current of 
the connected line (far end open) 
was interrupted—commonly 
termed line-dropping tests. In this 
type of interruption, leading cur¬ 
rents involved are small. Thus, 
within reasonable limits, arcing 
time is no important considera¬ 
tion. On the other hand, unless 
precautions are taken, breaker 
restriking quickly generates over¬ 
voltages which may be harmful 
to the breaker itself and to other 



Fig. 6-9. General Electric multi-break 
interrupter unit for 230-kv oil-circuit 
breaker with resistor attached. Two 
such interrupters are used per pole as 
shown in Fig. 6 • 10. 

connected equipment. Control of 


these overvoltages was therefore the primary concern in these tests, 
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and the purpose of the test program was to determine (1) the nature 
and magnitude of the overvoltages under various system conditions and 



Crosshead 

Fig. 6*10. Schematic diagram showing the multi-break interrupters with resistors 
attached. The resistor current is interrupted in the gap formed by the external 

contacts shown above. 

(2) the effectiveness of resistors assembled in the breaker, in parallel 
with the interrupters, in reducing these overvoltages to harmless values. 

This approach naturally required that the line-dropping test pro¬ 
gram should include various practical system conditions with and 
without resistors in parallel with the interrupters. The following con- 
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ditions were subjected to change: (1) the length of line being discon¬ 
nected, (2) the neutral connection, and (3) the nature of the power 
source. 

circuit conditions. 1. In some tests the entire 233-mile line to 
Chino substation was disconnected at Boulder Power Plant; in others 
only the 132-mile section to Pisgah substation. 

2. In some tests the neutral was solidly grounded; in others it was 
grounded through reactance. Three different values of reactance were 
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Fia. 6-11. Breaker arcing time during the interruption of inductive short circuits, 
showing the improvement as a result of reduced recovery rates and better internal 
voltage distribution brought about by resistors in the breaker. 


used; one of these values was that required for tuning as a ground- 
fault neutralizer to the line length being disconnected; the other two 
values, corresponding to other neutralizer tap settings, have been 
used to tune the line in conjunction with additional reactors at the 
far end of the line and consequently correspond to reactances above 
the tuned value. 

3. In some tests two local generator-transformer units were con¬ 
nected to the bus, and the remainder of the system was tied in through 
the second line to Chino substation. In the others only one generator- 
transformer unit was connected to the bus, and there was no tie with 
the rest of the system. 

test results. A total of ten groups of tests was made at Boulder 
Power Plant covering practical combinations of circuit and breaker 
arrangements. Table 6*1 summarizes the results of these tests with 
respect to the maximum voltages developed and with respect to the 




Boulder Power Plant Line-Dropping Tests— 230 Kv 
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breaker crosshead travel necessary for interruption. The overvoltage 
record, with and without resistors, is presented graphically in Fig. 
6*12 in such a way that the effect of the resistors, of the length of 
line, and of the ground-fault-neutralizer tap setting are readily ap¬ 
parent. 

In the course of these field tests, three arrester operations were 
observed, one on phase a and two on phase c. These arresters are 




LEGEND 
-Circuit connections 


-Neutral reactor 


Shorted Shorted Tap 7 Tap 7 Tap 3 Shorted Tuned' 



Fig. 6*12. Pictorial summary of results of oil-circuit-breaker tests made at Boulder 
Power Plant March 28 and 29, 1942. Comparison of voltages caused by interruption 
of transmission-line charging current. Here the overvoltages, obtained with and 
without breaker resistors, under various line and ground conditions are shown. 


located near the terminals of the 82,500-kva transformer bank at 
Boulder Power Plant which is about one mile from the Southern Cali¬ 
fornia Edison Company switchyard. All three arrester operations oc¬ 
curred during the tests which used the ground-fault neutralizer and 
no resistors in the breaker. During an earlier series of tests at Boulder 
Power Plant, at which time the above problems were being diagnosed, 
under similar system conditions (with the neutralizer untuned and 
without resistors in the breaker) six lightning-arrester operations were 
observed. No arrester operations were observed, however, for ten 
similar tests made at that time with the neutral solidly grounded. 

The interrupters were completely examined at four points in the 
test program. There was no damage to the contact or insulation parts 
as a result of any of the tests made when the resistors were connected. 
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On the last inspection after tests with the ground-fault neutralizer 
and without resistors (during one of which tests with the neutralizer 
untuned the breaker flashed over externally), there was some damage 
to the insulation parts of the interrupters but not of sufficient magni¬ 
tude to prevent the successful interruption of the circuit. 

OSCILLOGRAPH MEASUREMENTS AND RECORDS. A good illustration of 
the effectiveness of internal resistors in reducing transient switching 
overvoltages is shown in the cathode-ray oscillograms of Fig. 6-13 
which places together for easy comparison a test with a 3,000-ohm re¬ 
sistor in the breaker (Fig. 6-13(a)) and a duplicate test without re¬ 
sistors (6*13(6)). These tests are numbers hA and 7 A ) respectively 
(Table 6*1), in which 132 miles of line were dropped with the ground- 
fault neutralizer on tap 7. Figure 6*13 (a) shows no overvoltages of 
any consequence although there is restriking during the clearing 
period. In contrast the restriking associated with Fig. 6*13(6) (no 
resistors) resulted in violent transient disturbances which were so high 
as to cause sparkover of a protective gap in the cathode-ray-oscillo- 
graph measuring circuit which made it impossible to determine ac¬ 
curately the actual crest voltage obtained. The voltages reached for 
this test, however, were high enough to spark over the 220-kv bush¬ 
ing on the source side of the breaker. This would require a maximum 
of 1,050-kv crest, depending on several factors, the most important 
of which are the wave shape of the transient voltage and the lower 
humidity, both of which would lower the actual flashover. 

The oscillograms of Figs. 6*14(a) and 6*14(6) are the magnetic 
oscillograph records of the same field tests as presented in Fig. 6*13, 
namely tests 5 A and 7A, respectively, of Table 6*1. In Fig. 6*14(a) 
the duration of the unity-power-factor resistor current is clearly 
shown. Characteristic restrike current surges are shown in Fig. 
6*14(6). Here four separate restrikes took place, all of which inter¬ 
rupted with the arrival of the first current zero of the high-frequency 
oscillation. Figure 6*14 also exhibits oscillograph measurements of 
phase current, trip coil current, and breaker travel. 

Voltage-to-ground on each side of each pole of the test breaker 
was indicated on the cathode-ray oscillograph. 9 The deflection plates 
of this oscillograph were energized by means of capacitance potenti¬ 
ometers, the upper section of which was furnished by the carrier- 
current coupling capacitors on the two transmission lines. This pro¬ 
vided an arrangement capable of reproducing satisfactorily voltages 
of all types from the high-speed transients obtained upon a restrike in 
the circuit breaker to the slowly leaking charge left on the lines upon 
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Fig 6 • 13 Comparative cathode-ray oscillograms of tests made at Boulder Power Plant when dropping 132 miles of 230-kv line 
with ground-fault neutralizer on tap 7 (a) With 3,000 ohms in breaker (test 54 in Table 6 1) (6) Without benefit of breaker 

resistors (test 74 in Table 6 1) During this test a 220-kv bushing flashed over 1 Voltage to ground on bus side of breaker. 

2 Voltage to ground on line side of breaker 
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Fia. 6*14. Magnetic oscillograms associated with the voltage records of Fig. 6 -13. (a) With breaker resistors. Note resistor current. 

(b) Without resistors. Four separate restrikes occurred on this test. 
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final interruption. The two voltages for each pole of the breaker were 
recorded on parallel traces of the same film, so that the voltage across 
the breaker pole could be determined readily by graphical subtraction. 

discussion of results. Figure 6*12 shows the effect of the resistors 
upon the overvoltages attending switching. As is indicated by this 
figure, three pairs of test groups were taken in such a manner that 
direct comparison can be made to show the effect of the resistors. In 
these cases, and also in the other groups taken with the resistors con¬ 
nected, the voltage was limited to twice normal line-to-ground peak or 
less—both when the resistor was being switched on and when the re¬ 
sistor current was being interrupted. When the resistors were not 
connected, on the other hand, the voltage across the breaker reached 
three' times normal with the neutral solidly grounded and more than 
four times normal with a neutral reactor connected. 

Correspondingly, as shown in Table 6*1, the resistors bring about a 
considerable reduction of arc length inside the interrupters, as a re¬ 
sult of the improved internal voltage distribution and the improve¬ 
ment in the rate of rise of recovery voltage. The residual current 
which remains in the resistors is then interrupted by the disconnecting 
break (formed by the crosshead, Fig. 6-10) in about 15 per cent to 
approximately 35 per cent of the available break distance. Here also 
the resistors are effective in preventing any build-up of voltage be¬ 
yond the values shown in Table 6:1 and Fig. 6*12. 

The fact that the resistors produce such a substantial reduction 
in overvoltage makes them preferable to other measures, since they 
afford protection thereby to other terminal apparatus. Unless the 
breaker is sufficiently positive in action to prevent restriking and its 
associated overvoltages, therefore, resistors appear desirable whenever 
the length and voltage of the lines are such as to give rise to trouble 
of this type. Because of the dependence of this restriking phenomenon 
on so many factors, the most important of which is the breaker char¬ 
acteristic, it is impossible to indicate here the capacitance kilovolt¬ 
amperes where restriking can be expected to occur. Tests at 15 kv 
on one manufacturer’s breakers, 8 for example, indicated a limit of 
10,000 capacitive kilovolt-amperes above which overvoltages could be 
expected without the aid of internal resistors. The 132 miles of line 
dropped, as exhibited in Figs. 6*13 and 6*14, represents about 35,000 
capacitive kilovolt-amperes. These values cannot be compared di¬ 
rectly with those shown at 15 kv, however, because of the wide differ¬ 
ence in voltage levels. The foregoing makes clear that, when small 
capacitive kilovolt-amperes are to be interrupted, with standard power 



PREVENTIVE MEASURES-EFFECT OF BREAKER SHUNTING 155 


breakers (short lines or cables, protective capacitors, and so forth), 
no trouble should be expected. 

The operations in all the tests presented in this chapter were con¬ 
fined to dropping a length of open transmission line, but, since breaker 
operation upon all except three-phase faults involves dropping at 
least one unfaulted phase conductor, the phenomenon may be present 
in the majority of breaker operations. 

The results of these tests are in good qualitative agreement with 
the results of miniature-system tests as regards the principal features: 

1. With the untuned neutral reactor, voltages obtained without the 
resistor were much higher than those obtained with the neutral solidly 
grounded. 

2. The resistors brought about a substantial reduction of voltage 
in all cases, and the higher the initial overvoltages, the greater, was the 
percentage of reduction. 

A comparison of the overvoltages obtained for the tuned ground- 
fault neutralizer with those obtained for the solidly grounded system 
indicates the desirability of supplementing miniature tests with full- 
scale tests under actual conditions. This is emphasized by the fact 
that the voltages associated with test series 7-2 are very high, relative 
to those obtained for test series 1, which was the solidly grounded 
case with the same line length. From earlier studies, on the other 
hand, it had been concluded on the basis of the transient-analyzer 
results that interrupting line-charging current in a ground-fault-neu- 
tralizer system is no more difficult from a switching standpoint than 
in the same system with neutral solidly grounded. The reason for this 
disagreement apparently lies in the fact that surges communicated to 
one phase by clearing or restriking in another were of much more im¬ 
portance in the tests with the ground-fault neutralizer than in the 
tests with the neutral solidly grounded. Not only did this have a 
direct bearing on voltage magnitudes, but in several instances it ap¬ 
peared to be directly responsible for additional restrikes which con¬ 
tributed still more to the overvoltages. In the grounded-neutral tests 
there was never more than one restrike that contributed appreciably 
to the building up of voltage, but several times there were two in the 
ground-fault-neutralizer tests. Since the miniature-system tests were 
based on the assumption of two restrikes with the worst timing, the 
full-scale grounded-neutral tests produced overvoltages considerably 
lower than predicted. The ground-fault-neutralizer overvoltages were 
about equal to predicted values, the loss caused by the fact that the 
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worst timing was not realized being approximately balanced by the 
increase arising from interphase reaction. 

6-7 EFFECT OF LOW-SIDE SWITCHING 

Occasionally it is possible to take a line out of service by switching 
on the low-voltage side. In fact, there are systems in which no high- 
voltage circuit breakers are provided so that line dropping, clearing 
of faults, and all switching are done at low voltage. For such systems, 
even though the current being interrupted on the low-voltage side is 
capacitive for line-dropping operations, no overvoltages of serious 



Equivalent Cable represented as 

20,000 kva II section equivalent 

transformer to 16,000 kva 

bank 

(a) 

Fig. 6 15. Comparison of low-voltage and high-voltage switching of capacitance 
circuits, (a) Miniature system studied. The actual system was 66 kv. ( b ) Oscillo¬ 
grams of voltages in the miniature system. 
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Oscillogram 

Voltage 

Restrikes 

High-voltage 
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1 in Phase A 

switching (First 
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A' to ground 
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phase to clear) 

100-3 

A to ground 
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Low-voltage 
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1 in Phase a 
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a a a a 
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100-11 
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B to ground 
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(Second phase 
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1 in Phase C 
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B to ground 
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A to ground 

an a a 
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C to ground 
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(b) 

Fig. 6-15 ( Continued ) 
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magnitude can occur due to restriking of the type under discussion 
as long as the kva rating of the transformer energizing the capacitance 
involved is equal to or greater than the capacitive kva being sup¬ 
plied. This criterion is one that is normally met, of course, in any 
practical case. 

Figure 6*15 shows some results of a transient analyzer study from 
which the foregoing conclusion is drawn. It is clearly indicated by 
these oscillograms that the transformer high-voltage winding, con¬ 
nected in wye with neutral solidly grounded, affords an effective dis¬ 
charge path for the line capacitance so that overvoltages cannot be 
produced as a consequence of restriking when switching is done on the 
low-voltage delta-connected side of the transformer. 

6*8 EFFECT OF NEUTRAL GROUNDING 

As far as the production of overvoltages is concerned, the isolated- 
neutral system is under suspicion every time a ground fault occurs. 
The arcing fault itself may lead to overvoltages but more likely the 
final clearing of the faulted portion by breaker operation may lead 
to undesired overvoltages. Fortunately, the capacitive kva involved 
during such interruptions is generally quite small and at low voltage 
so that difficulties due to restriking are not so likely to be encountered 
as would be true for extensive high-voltage isolated-neutral systems. 
There are at present very few isolated-neutral systems above 33 kv 
in this country. One of the best justifications for extinction of the 
high-voltage isolated-neutral system is the overvoltage problem asso¬ 
ciated with interruption of ground faults in accordance with the 
fundamental theory outlined in this chapter. 

So far as overvoltages produced by line dropping are concerned, 
the effect of neutral grounding impedance is not critical. That is, 
there is no particular critical value that eliminates the possibility of 
overvoltages associated with restriking during line dropping. It is 
clear, however, from numerous studies made on miniature systems and 
from field tests such as those described in this chapter, that the solidly 
grounded system is least productive of overvoltages. As the amount 
of neutral impedance is increased, systems become more prolific as 
far as the production of overvoltages during line dropping is con¬ 
cerned. Systems that permit full neutral displacement (or more) 
during a single-line-to-ground fault are generally more likely to give 
rise to overvoltage trouble during faults and switching than those that 
are solidly grounded. 
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7 SWITCHING SURGES AND 
OVERVOLTAGE ARRESTER 
DISCHARGE REQUIREMENTS 

7-1 INTRODUCTION 

In the foregoing chapters, circuit arrangements and switching with 
or without faults have been discussed, largely from the point of view 
of the possibilities of producing overvoltages in power systems. It is 
logical at this point to bring into the discussion the effect of over¬ 
voltage protective devices and to inquire first with regard to the 
ability of the arresters to limit transient overvoltages in power sys¬ 
tems and second with regard to the discharge capacity that an arrester 
must have if it is to limit such transient overvoltages without damage 
to itself. 

The history of the “lightning” arrester goes back through several 
decades. 1 * 2 The need for a device for discharging lightning currents 
without permitting damage to the electrical apparatus connected to a 
power system was apparent early in the history of the development of 
power systems. The need for protection of insulation against the 
severe lightning discharges was very real. A tremendous amount of 
well-directed effort was expended in developing suitable devices which, 
for instance, could be connected between one terminal of a transformer 
and ground, and, which, when so connected, would limit the maximum 
voltage that could exist between the terminal and ground. There was 
also much coordinated effort directed to the determination of magni¬ 
tudes of lightning voltages and lightning stroke currents. Simultane¬ 
ously investigations were made of the problem of shielding transmis¬ 
sion lines so that lightning discharges could not produce voltage surges 
on transmission lines to the extent to which they would otherwise be 
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produced if no shielding in the form of overhead ground wires were 
present. The theory of the counterpoise was developed and put into 
practice. The need for keeping tower footing resistances to low values 
was apparent. Methods of system neutral grounding entered into the 
picture, and finally the ground-fault neutralizer found much favor as 
an economically sound means for reducing outages on overhead lines 
due to lightning discharges. 

Years of effort, cooperation, and coordination of theory and practice 
went into the development of now-accepted practices with regard to 
overvoltage protection of power systems. The entire philosophy of 
protection was to minimize the consequences of lightning discharges 
to an economically justifiable extent as far as they might affect con¬ 
tinuity of service. Arresters were therefore designed to withstand 
all but the most severe lightning surges that nature could produce. 
It was entirely logical that such devices came to be known as “light¬ 
ning arresters.” 

Since about 1930, it has become increasingly evident that lightning 
arresters were serving a more general purpose, namely, that they were 
and are serving as overvoltage arresters. They serve to limit over¬ 
voltages regardless of origin. It has become apparent also that cer¬ 
tain switching surges may be of sufficient magnitude and duration 
to exceed the discharge capacity of arresters designed to withstand 
the discharging of all but the most severe lightning discharges. 
Therefore, switching surges become an important factor for considera¬ 
tion in the proper design and application of arresters. In a number 
of installations, it became apparent that lightning arresters were func¬ 
tioning more often on switching surge overvoltages than on lightning 
discharge overvoltages. Consequently there was a very real need for 
studying switching surges and the subsequent arrester discharges to 
see what duty was imposed upon the arrester each time its series 
gap was sparked over by a system switching overvoltage surge. 

In view of the six preceding chapters, it is apparent that the pos¬ 
sible combinations of system, switching, and fault conditions are very 
great in number. The complications of arrester location in the system 
and arrester voltage rating, likewise reduced to miniature-system 
scale, added also to the number of possibilities. Numerous studies 
were made of various arrangements, and from these studies certain 
salient facts were disclosed. It is the object of this chapter to bring 
out those salient facts. 
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7 2 FUNDAMENTAL CONSIDERATIONS 

At the outset, it is desirable to recognize that, exclusive of lightning 
currents, the sources of energy that an arrester may be called upon 
to dissipate may be (1) energy generated appearing as power-follow 
current, (2) energy stored in inductance, and (3) energy stored in 
capacitance. There are cases in which all three of these may be en¬ 
countered in varying proportions. On the other hand, there are occa¬ 
sions on which one of these sources of energy is so predominant that 
the others may be neglected. 

The first-named source of energy (item 1) requires a valve element 
to limit the power-follow current which, when used with an appropri¬ 
ate gap structure, affords the basis for rating arresters in terms of 
maximum kv rms. Sparking over an arrester gap will result in the 
flow of power-follow current when an arrester is connected to the 
usual power system. This is true even for the isolated-neutral system 
although the power-follow current may be capacitive rather than in¬ 
ductive. Although a half-cycle approximately of power-follow cur¬ 
rent is normally expected subsequent to gap operation, this require¬ 
ment of passing follow current in addition to either (2) or (3) or both 
should not be overlooked. Power-follow currents associated with rms 
voltages within the maximum kv rating of an arrester are within the 
overall design rating of the complete arrester. Item 1, therefore, is 
simply associated with recognizing the maximum dynamic rms 
voltage that can occur for any possible fault and system condition 
(including all momentary conditions resulting from switching opera¬ 
tions during transient disturbances) and selecting an arrester with a 
kv maximum rating corresponding to this with a suitable small margin 
of safety. The rules for selecting and applying arresters properly on 
this basis are included in published literature and accepted by the 
industry. Therefore, this phase of the problem will not be given 
further consideration here. 

An illustration of the second source of energy (item 2, energy stored 
in inductance) being predominant is the case of a current limiting 
fuse giving rise to a sufficiently high voltage surge so as to cause an 
arrester gap to spark over, thus abruptly shifting the inductive current 
from the fuse path to the arrester. Correct coordination between de¬ 
sign and application of such fuses and arresters is necessary in order 
to ensure satisfactory overall performance. Interruption of magnetiz¬ 
ing current off normal current zero is also an example. The latter 
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example in most instances does not result in excessive arrester dis¬ 
charge duty, as will be shown in a subsequent section. 

An illustration of the third source of energy (item 3) being predomi¬ 
nant is the interruption of line-charging current with breaker restrik¬ 
ing. Here restriking across the contacts of the interrupter may leave 
the line charged to a potential several times normal line-to-neutral 
crest. Field tests have shown conclusively that when the arresters 
are not present, such switching surge voltages may reach values up to 
six times normal line-to-neutral crest, as was shown in Chapter 6. 
This is undesirable from the standpoint of possible line flashover or 
damage to terminal equipment. When arresters are connected to the 
line, they are required to discharge the energy stored on the line since 
they are voltage sensitive and do not distinguish between lightning 
and any other overvoltage. This type of surge appears to impose the 
most severe discharge duty upon arresters from the standpoint of fre¬ 
quency of occurrence and, in extreme cases, may impose discharge 
requirements severe enough to damage the valve elements. Conse¬ 
quently, this item will receive the most consideration in this chapter. 
It attains greater significance in view of the fact that, generally speak¬ 
ing, any unbalanced fault condition on a cable or overhead line re¬ 
sults in the final interruption of only line-charging current in either 
one or two phases. The problem attains even further significance in 
isolated-neutral systems since the interruption of every ground fault 
presents a similar hazard of overvoltage possibilities, as has already 
been mentioned in Chapter 6. 

There is evidence to indicate that the arrester discharges from 
switching surges of this last type are similar in nature to the long- 
duration low-current lightning discharge. It follows that the arrester’s 
discharge capacity required for the one will also be equally effective 
for the other. 

7-3 INDUCTIVE ENERGY TRANSIENTS 

For purposes of analysis, consider the simple three-phase circuit 
in Fig. 7* 1(a). The current limiting fuses are devices with very high 
rupturing capacity so that they will interrupt a fault current before 
it reaches the peak value available based upon calculations using 
normal system voltage and impedance viewed from the fault. When 
a fault occurs as shown, the fault current builds up on the first cycle 
to some value at which the fuse suddenly ruptures and becomes an 
open circuit. The current in the inductance L at this instant is some 
value io which cannot be stopped instantly. The action of the fuse 
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causes a high voltage to appear because it tends to cause the current 
to stop. This merely causes the arrester gap to spark over so that 
all that happens is that the current io is suddenly transferred from 
the fuse path to the arrester. This current continues to flow through 
the arrester as some function of time until a current zero is reached 
at which time the arrester seals off and the system is then normal 
again except for the fact that the faulted portion has been separated 
(amputated often seems to be a more appropriate word). 

The transition state on the part of the fuse from a good conductor 
to a good insulator is a complicated function of a number of variables. 


L 



(a) 



valve element 
(b) 


Fig. 7*1. Elements of inductive energy transients and arrester discharge duty 
(a) Three-phase system, (b) Simple equivalent circuit (approximate). 


The transition does not take place instantaneously but requires some 
time so that overvoltages are controlled satisfactorily. However, for 
purposes of this analysis, only the limiting case of instantaneous tran¬ 
sition from conductor to insulator will be considered. 

As far as the arrester’s discharge current is concerned, it depends 
on the initial value i 0 and on the system voltage tending to cause 
power-follow current to flow. In the simple circuit shown, e a is the 
system voltage that gives rise to the flow of power-follow current. 
The differential equation of fault-current flow immediately following 
fuse operation is 

di 

e a = L — + Ri [7*1] 

dt 

where R is a function of i only, and not a function of t. As a first ap¬ 
proximation, suppose that the effect of e a is ignored, even though it 
is recognized that the circuit is a non-linear one and therefore this is 
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not strictly permissible. It is apparent that the discharge duty of the 
arrester is partly associated with power-follow current and partly with 
the energy stored in the inductance L at the time of fuse rupturing. If 
the arrester is properly selected for the system, the power-follow cur¬ 
rent alone should not be of special interest or concern. It is the 
initial value of current i = 1 $ and the dissipation of energy %Lto 2 
stored in the inductance that is of primary concern. 

With e a being omitted for convenience, the system becomes as shown 
in Fig. 7* 1(b). The initial value of current i = to is flowing through 
the switch in position 1 when the switch is instantaneously thrown to 
position 2. Let the resistance of the arrester stack be denoted by 

R = K,i- a [7-2] 

The differential equation for the circuit then is 

Ri = K^ l ~ a) = -L- [7*3] 


For representative arrester materials a is a constant for purposes of 
practical analysis equal to between 0.7 and 0.8. K 1 is most simply 
defined as the resistance of the arrester valve element when the cur¬ 
rent through it i = 1 ampere. 

Equation [7*2] can be solved by separating variables, thus 


which yields 


or 


from which 


i (a ~ l) di = 



- ( i a - <o°) = 


Ki 

- -dt 

L 


-<T 

L J 0 


- —( 
L 



[7-4] 

[7-5] 


Arresters are commonly applied and thought of in terms of units each 
rated 12 kv rms. If n such units are connected in series and each has 
a constant K, then equation [7*5] becomes 



mKty /a 


[7-6] 
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It is apparent from this expression that the duration of discharge 
for a given L is decreased by adding more units in series (n increased) 
as would be required in higher voltage systems. It will be shown in 
the next section that just the reverse is true for the capacitance dis¬ 
charge. 

An increase in L increases the duration of discharge. However, as 
L increases, the initial current io necessarily becomes small so that 
the current through the arrester is necessarily very small if L is high. 
Consequently, it appears that the discharge of transformer magnetiz¬ 
ing current alone as ordinarily encountered in de-energizing a trans¬ 
former results in relatively light arrester discharge duty. 

If equation [7*6] is rewritten so as to give the current at any time 
as a fraction of the original, then 

i ( anKt\ lla • 

- = ) =(l-*o0 1/a [7-7] 

to \ Llo / 

where K 0 = anK/Li 0 a . 

This expression is of interest by comparison with the conventional 
exponential expression for a decaying current in a simple resistance 
and inductance series circuit for which 


- = [7-8] 

to 

The current in such a circuit never completely disappears, but the 
current in equation [7*7] becomes zero at a definite time given by 


— 


1 

Ko 


It is also interesting to note that, if a = 1 (an ideal condition not 
obtained in present-day lightning arresters), then the fractional cur¬ 
rent i/io is a linear function of time. 


^ = 1 -K 0 t [7-9] 

to 

All these facts are illustrated in the curves of Fig. 7-2. Curves of 
i/io as a function of Kot are plotted showing the effect of a as a 
parameter. As a is made smaller, the departure from a straight-line 
decay becomes greater. If a = 0 (constant resistance) then the i/io 
curve, if plotted on this figure, would coincide with a vertical line 
through the origin and a horizontal line through the origin. 
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As an illustration of the significance of these curves, refer to Fig. 
7* 1(a). If the system shown is a 15-kv system, it would require a 
12-kv arrester. Therefore n — 1. The value of K for a single 12-kv 
unit may be approximately 4,650 volts. For a typical modern arrester, 



Fia. 7-2. Generalized curves of transient current decay in an inductive circuit 
with series non-linear resistor, i/io = (1 — Ko0 1/o where Ko — anK/Lio 0 , ** 

initial value of current at t * 0, and i =* current at any time. 


a = 0.75. If L = 0.01 henry and if the fuse limits the current to 260 
amperes, then 


K 0 


^ 5(1)(4 ’^ - 5,390 
0.01(260)°- 75 


The time required for the current to change from the initial value of 
260 amperes to zero is then 


tn = — =-= 0.000185 sec., or 185 microseconds 

Ko 5,390 
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This time value corresponds to K 0 t = 1.0 in Fig. 7-2. It is an easy 
matter to convert this time scale to Fig. 7*2, and the ordinate for a = 
0.75 can be translated to amperes readily by multiplying the numeri¬ 
cal values read from the curve by 260, the initial value of current. 

This transient decay for the case cited is over within 185 microsec¬ 
onds, and the current through the arrester does not exceed 260 amperes. 
At t = 92.5 microseconds the current value is 104 amperes. In terms 



Fig. 7-3. Transient current decay in an inductive circuit with typical arrester. 
i » io(l — Kot) lla where K 0 = anK/Litf , to — initial current, K = 4,650 for each 
arrester unit, a *» 0.75, n/L — 100, n — number of arrester units, L — inductance 
in henries. Note: For any other value of n/L, divide abscissa scale by n/L. 

of the duty imposed upon arresters by lightning discharges this is 
rather small by comparison. It is also small in comparison with cer¬ 
tain capacitance discharge current transients, as will be shown in the 
next section. The transient decay for the illustration cited is less se¬ 
vere, as far as the duty imposed on the arrester is concerned, than the 
normal arrester power-follow current associated with the arrester rms 
kv rating. Even if the two effects were combined in practical cases 
the resultant duty appears to be not excessive. Although cases of 
inductive energy transients more severe than the one used as an illus¬ 
tration are not likely to be encountered in normal system operation, 
it should not be concluded, however, that it is impossible for more se¬ 
vere cases to occur. 
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In order to facilitate the interpretation of the generalized curves 
of Fig. 7-2, the curves of Fig. 7*3 were prepared for representative 
modern arresters. 


7-4 CAPACITIVE ENERGY TRANSIENTS 

Consider the simple three-phase system shown in Fig. 7-4(a). If 
the capacitor bank is being de-energized, then restriking in the inter¬ 
rupter represented by the switch in phase a may cause a building up 
of voltage on the capacitor C which may be sufficiently high to cause 
the series gap in the arrester to spark over. If the switch is actually 
open at the time of sparkover or if interruption is completed at about 
that time, then the arrester is left to discharge the capacitor C alone. 
The circuit that represents this condition is shown in Fig. 7-4(b). 
The differential equation for current flow in this circuit is 


0 — Ri *4” — (* i dt 

CJ 

Substitution of equation [7 • 2] for R gives 

K^ l ~ a) = - ^ fidt 

where i is the current through the stack. Differentiation yields 

di 1 

i£i(l — a)i ° — =- i 

dt C 


[7-10] 


[7-11] 


and separation of variables yields 

i ~ (1 + a) di = - 

Integration gives 


1 


CK X ( 1 - a) 


dt 


from which 


rq‘- l_t 

L-aJi, CJCi(l — o)J„ 

i = [- -- ° -+ t 0 -°] 

LCKjCl-a) J 


If the fractional current is desired, then 

ato' 

. = I * + — 


- = [l +- — - 1 1 

i'o L CnK( 1 - a) J 

= [1 + K't]~ lla 


-l/o 


[7-12] 


[7-13] 


[7-14] 
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-^Arrester stack 
or valve element 


(b) 


Fig. 7*4. Elements of capacitive energy transients and arrester discharge duty, 
(a) Three-phase system. (6) Simple equivalent circuit. 



Fig. 7 • 5. Generalized curves of transient current decay in a capacitive circuit with 
series non-linear resistor, i/io = (1 -f K't)~ 1/a where K' * aio a /CnK(l — a), iq ** 
initial value of current at t * 0, and i — current at any time. 
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where, as in equation [7*6], the value of K x is replaced by nK f and 
K' = aio a /CnK(l — a). Equation [7*14] is plotted in Fig. 7*5 with 
K't as abscissa and values of a as a parameter. It will be observed 
that these generalized curves do not come to zero for any finite value 
of K't. In this respect, they differ from the generalized curves of 
Fig. 7*2 for the inductive circuit. If a = 0 (the limiting case for con- 



0 100 200 


Time in microseconds 

Fig. 7*6. Transient current decay in a capacitive circuit with typical arrester. 
i = 4(1 + K't)~ lla where K' =» aio a /CnK( 1 — a), i 0 - 700 amperes, K 4,650 for 
each arrester unit, a — 0.75, n = number of arrester units in series, and C — capaci¬ 
tance in microfarads. 

stant resistance), the curve of i/io as a function of time would ap¬ 
proach a vertical line through the origin and a horizontal line through 
the origin, just as the limiting case did for the inductive circuit. 

Since the practical cases of interest are those representative of 
modern arrester performance, the curves of Fig. 7*6 have been pre¬ 
pared. All these curves are for an initial current of 700 amperes be¬ 
cause this current is approximately the arrester current correspond¬ 
ing to typical arrester series gap sparkover voltage. For the simple 
circuit under discussion, this initial value of current is therefore fixed 
at 700 amperes. It is independent of the number of series units since 
series gap sparkover increases linearly with the number of arrester 
units in series. With K and a equal to 4,650 and 0.75, respectively, 
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for a typical station-type arrester, the only other parameter is nC . 
This product is the parameter chosen in plotting the curves of Fig. 7*6. 

The most significant fact disclosed by these curves is that, although 
the initial value of current is not high, the time duration of discharge 
is quite long. In a low-voltage system, this time duration may not be 
long enough to be particularly significant. In a 15-kv circuit (refer 
to Fig. 7*4(a)) a 12-kv arrester would normally be used, and there¬ 
fore n = 1. If the capacitance C being switched off corresponds to 
that of a cable circuit of even two miles in length, C would be, ap¬ 
proximately, one microfarad. Therefore nC = 1.0, and the curve of 
Fig. 7*6 for nC = 1.0 give^ the current time curve for the discharge 
of the capacitor through the arrester. After 20 microseconds, there is 
a current of about 15 amperes flowing. This would not seem to be an 
especially significant case. 

If, on the other hand, the system happened to be a 138-kv system 
for which, everything considered, ten arrester units were required, then 
n = 10. If a circuit is being de-energized for which the capacitance 
is one microfarad (this would be approximately the equivalent zero- 
sequence capacitance of 100 miles of typical overhead line), then 
nC = 10 and the curve of Fig. 7-6 for which nC = 10 will apply, dis¬ 
tributed constant effects being neglected. After 20 microseconds, a 
current of 180 amperes is flowing. After 200 microseconds a current of 
about 15 amperes is flowing, and after 1,000 microseconds there is still 
a current of about two amperes flowing. As the current decreases, the 
increase in resistance tends to cause the current to die away very 
slowly. It is this persistence of the capacitor-arrester combination 
that gives the capacitive energy switching surge unique distinction. 
The severity of the discharge is increased in general, with the product 
nC. Therefore, in the higher voltage systems where long lines or 
cable circuits may be switched with restriking in the interrupter, 
switching surges and the arrester discharge capacity required become 
a very real engineering problem of fundamental importance. 

7-5 DISTRIBUTED-CONSTANT EFFECTS 

In Fig. 7*7 the fundamental circuit leading to the building up of 
capacitance stored energy is shown. The source of voltage consisting 
of generator and transformer is intended to represent any equivalent 
system from which the line (or cable, or shunt capacitor) is to be dis¬ 
connected by means of the circuit breaker. The detailed description 
of how overvoltages may be generated as a result of restriking in the 



DISTRIBUTED-CONSTANT EFFECTS 


1 7i 


breaker and the effects of lumped and distributed constants has been 
given in Chapter 6. Similarly in Fig. 7-8 the condition for possible 


I—I Transmission line 

t . Breaker or cable 

Equivalent or shunt capacitors 

system 

Fig. 7*7. Frequently encountered circuit which may give rise to serious over¬ 
voltages if restriking occurs in the breaker during opening. 

building up of overvoltages in an isolated-neutral system is indicated. 
This also was discussed in Chapter 6. In view of the discussion in the 
preceding section, it follows that 
these two cases are probably of 
greatest concern from the stand¬ 
point of switching surges and 
arrester discharge capacity. Be¬ 
cause of the similarity between 
the two circuits (Figs. 7-7 and 
7*8) as outlined in Chapter 6, 
it will be considered adequate 
to discuss in detail here only 
the system of Fig. 7*7. Transient analyzer results with semi- 
distributed constants and miniature scale models of arresters will be 


Breaker 

_ _ Feeder 

- Ground 

Equivalent fau,t 

system 

(isolated neutral) 

Fig. 7-8. Frequently encountered iso¬ 
lated-neutral circuit which may give rise 
to serious overvoltages if restriking occurs 
in the breaker during opening to remove 
the faulted feeder. 





Fig. 7-9. System studied on transient analyzer. The miniature arresters used were 
small Thyrite disks which could be stacked in various combinations to simulate the 
desired arrester maximum kv rating. 

presented and compared with results of theoretical analysis where 
possible. 
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120-16 
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Fig. 7 • 10. Typical oscillograms obtained from the transient analyzer study of the 
system shown in Fig. 7*9. See Table 7-1 for identification. 


conditions are shown in Fig. 7 • 10, and the details describing each oscil¬ 
logram are shown in Table 7*1. From these records, a general idea 
of the nature and shapes of switching surges associated with the drop¬ 
ping of long lines is obtainable, with and without arresters. 
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TABLE 7-1 

Identification of Oscillograms 


(Time scale on all oscillograms is 1,000 microseconds 
per small division except as noted.) 


Oscillo¬ 

gram 

Phase 

to 



Miles of 

Re- 

Minimum 

Sparkover 

12-kv 

Arrester 

Number 

Clear 

Arrester 

Voltage 

Line 

strikes 

Voltage 

Units 

108-1 

1st 

None 

Far end 

200 

1 

2.3 

12 

-2 

1st 

Far end 

Far end 

200 

1 

2.3 

12 

-3 

1st 

None 

Near end 

200 

1 

2.3 

12 

-4 

1st 

Near end 

Near end 

200 

1 

2.3 

12 

-6 

1st 

None 

Near end 

200 

2 

2.3 

12 

-6 

1st 

Near end 

Near end 

200 

2 

2.3 

12 

-7 

1st 

Near end 

Far end 

200 

2 

2.3 

12 

-8 

1st 

None 

Far end 

200 

2 

2.3 

12 

-16 

1st 

Far end 

Far end 

100 

2 

2.3 

12 

109-1 

1st 

Near end 

Near end 

100 

2 

2.3 

12 

-2 

1st 

Near end 

Near end 

300 

2 

2.3 

12 

-3 

1st 

Far end 

Far end 

300 

2 

2.3 

12 

119-1 



Across ar¬ 
rester * 

200 


2.3 

12 

-2 



Across ar¬ 
rester 

200 


2.3 

12 

—3 



Across ar¬ 
rester 

200 


2.3 

12 

-4 



Across ar¬ 
rester 

200 


2.3 

12 

120-13 



Across ar¬ 
rester 

2.6 micro¬ 
farads 


2.3 

12 

-16 



Across ar¬ 
rester 

2.6 micro¬ 
farads 


2.3 

12 


* Time scale on 119-1 is 80 microseconds per small division. 

-2 is 400 microseconds per small division. 

-3 is 800 microseconds per small division. 

-4 is 2,000 microseconds per small division. 

120-13 is 2,000 microseconds per small division. 

-16 is 80 microseconds per small division. 

The technique of using synchronous switches to perform the desired 
sequence of events has been described in Chapter 1. The use of small 
Thyrite disks to simulate the actual arrester characteristic has been 
described in the literature, but for completeness the procedure will be 
outlined here. Once the desired arrester volt-ampere characteristic 
has been reproduced to scale, either synchronous switch control or 
thyratrons with adjustable grid bias voltage can be used to insert the 
miniature-system arrester into the circuit at the proper instant. 

The procedure for proper scale representation of arresters in the 
miniature system is best described in the following way. The minia¬ 
ture system of Fig. 7-9 is an exact duplication in ohms of a large 
system. The miniature-system transmission line has constants per 
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mile of inductance, capacitance, and resistance which are representa¬ 
tive of a typical overhead transmission line, as was pointed out in 
Chapter 1. Therefore the only difference, except for the semidistrib- 
uted-constant effects in the line, between the miniature system and 
the actual system being represented is associated with the fact that 
the miniature system is operated at a much lower voltage than any 
actual power system would be. In Fig. 7-9, the normal system volt¬ 
age on the line is 110 volts line-to-neutral or 110-\/3 volts line-to-line. 
Since Thyrite can be used in very small disks without changing the 
exponent a in equation [7*2], then in representing any actual system 
with an arrester of given rms kv rating in that system, it is only neces¬ 
sary to meet the requirement that the resistance in ohms of the actual 
arrester in the actual system at some voltage, e.g., normal line-to- 
neutral voltage, is duplicated in ohms in the miniature system at the 
corresponding miniature-system normal line-to-neutral voltage. Then 
in terms of per-unit voltages in either system the arrester resistances 
are identical. It is only necessary that this correspondence be deter¬ 
mined at one voltage (normal line-to-neutral in the case cited); the 
exponent a remaining unchanged assures duplication at all correspond¬ 
ing per-unit voltages between the actual and the miniature systems. 
The per-unit sparkover voltage of the arrester in the miniature system 
should be controlled by means of the synchronous switches to corre¬ 
spond to the per-unit sparkover voltage of the arrester in the actual 
system to complete the representation. 

The system represented by the cases summarized in Table 7 • 1 are for 
a 161-kv solidly grounded system. In this system it was desired to 
study the effects of a 12-unit (145-kv) arrester. The minimum spark¬ 
over voltage of the arrester series gap was taken as 2.3 times normal 
line-to-neutral crest voltage as shown in column 7 of this table. The 
first column identifies the oscillogram number; the second, the phase 
to clear; the third indicates whether or not the arrester was in the 
system and where it was located; the fourth indicates the location at 
which the voltage trace on the oscillogram was obtained; the fifth 
gives the number of miles of equivalent three-phase line being 
switched; and the sixth indicates the number of controlled restrikes 
in the switch. 

Oscillogram 108-1 shows the nature of the voltage surge associated 
with one restrike in the switch with reclearing at the first current zero. 
This oscillogram shows the voltage-to-ground at the far end with no 
arrester connected. Oscillogram 108-3 shows for the same condition, 
the voltage-to-ground at the near end. 
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With an arrester in the circuit at the far end, the voltage there is as 
shown in oscillogram 108-2. With an arrester in the circuit at the 
near end, the voltage there is as shown in oscillogram 108-4. These 
oscillograms 108-1 to 108-4 inclusive illustrate clearly the nature of 
the surges under discussion and the effect of the presence of the ar¬ 
rester. If no arresters are present (oscillograms 108-1 and 108-3) a 
charge is left on the line which stays on until drained off due to leak¬ 
age or failure of line insulation. Thus, these are extremely long dura¬ 
tion voltages due to the charge trapped on the line. If an arrester is 



Fig. 7-11. Comparison of arrester voltage time curves during discharge. Arrester 
at far end of line. A, miniature representation of 161-kv system, 200 miles of line. 
B, actual 161-kv system, 175 miles of line. 


connected to the line and the voltage is high enough, then gap spark- 
over will occur and the charge on the line finds a path through the 
arrester stack to ground. However, it is important to recognize the 
fact that here the arrester affords the only path to ground, neglecting 
leakage paths. Therefore the entire burden of discharging the line 
falls upon the arrester. In terms of energy (y^Ce 2 ) stored on the line, 
or coulombs (it) the burden is small as compared to lightning dis¬ 
charges. However, lightning discharges are generally of short dura¬ 
tion, but high in current magnitude. In contrast, the switching surge 
discharge current through an arrester is rarely expected to reach a 
magnitude of 500 amperes but may result in a unidirectional current 
flow lasting for several cycles of fundamental frequency as indicated 
in these oscillograms. 

In Fig. 7*11 the voltage-time curve A is taken from oscillogram 
108-2; curve B in this figure is taken from an actual test oscillogram in 
a 161-kv system under the same system conditions except that there 
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were 175 miles of line instead of 200. It is apparent that the time dura¬ 
tion of discharge is comparable for the two cases. The miniature-sys¬ 
tem curve appears to last slightly longer (i.e., in general it lies above 
curve B ), but this is partly due to the fact that 200 miles of line were in 
the circuit for curve A , whereas 175 miles of line were in the circuit 
for curve B. There are other minor variations, such as the more 
violent oscillations in curve A and the longer duration of the initial 
discharge voltage for curve A than for curve B. Both of these are 
probably attributable to the fact that restriking in the miniature sys¬ 
tem was controlled and a more violent restriking condition leading to 
arrester gap sparkover was set up. The exact conditions preceding 
arrester gap sparkover for curve B are not known. This is of little 
consequence, however, as the important basis for comparing curves A 
and B for the present purpose is the overall time duration of the dis¬ 
charge. 

Oscillograms 108-5 to 108-8 shows similar phenomena for the same 
system and conditions but for two restrikes. The overvoltages shown 
with no arrester in are not so high as they could be with two restrikes. 
In order for the arrester to spark over on the second restrike and not 
on the first, it was necessary for the first restrike to occur at such an 
instant that the resulting overvoltage was just under arrester gap 
sparkover. Then the second restrike could take place at the instant 
that gives maximum overvoltage, and this in turn would impose upon 
the arrester the most severe discharge duty possible for this system. 
However, it will be observed that the case of two restrikes is only very 
slightly worse than that of one restrike as far as the arrester volt¬ 
time discharge curve is concerned. The difference is most apparent at 
the beginning of the discharge. The tail remains essentially as long 
as for the case of one restrike. Furthermore, the location of the ar¬ 
rester, whether at the near or far end of the line, makes no significant 
difference. 

Oscillograms 108-16 and 109-1 to 109-3, inclusive, show similar re¬ 
sults for the same conditions except that the first two are for 100 
miles of line, whereas the second two are for 300 miles of line. A 
careful study of these records reveals that, for the given number of 
arrester units (12) corresponding to a 145-kv arrester in a 161-kv 
system, the tail is of duration essentially in proportion to the miles 
of line. This fact suggests that for a given number of arrester units, 
the important factor is the amount of capacitance that must be dis¬ 
charged through the arrester as was indicated in Section 7*4. 
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Since it was shown that the voltage distribution on the line was of 
negligible consequence as far as the length of tail was concerned, it 
seemed desirable to compare lumped capacitance with distributed 
capacitance on the basis of uniform voltage distribution on the line 
preceding arrester gap sparkover. Oscillograms 119-1 to 119-4 in¬ 
clusive are for the distributed-constant line, and oscillograms 120-13 
and 120-16 are for the same microfarads of lumped capacitance. It 



Fig. 7 • 12. Arrester volt-time characteristic during capacitance stored energy dis¬ 
charge. 161-kv system—12-unit arrester (145-kv maximum rating), 200 miles of 
line. A, 1 restrike, arrester at near end of line. B, 1 restrike, arrester at far end of 
line. C and D, lumped capacitance discharge; C, capacitance corresponding to Co 
of 200 miles of line; Z>, capacitance corresponding to total capacitance to ground of 

one conductor. 

becomes clear that, as far as the tail or duration of discharge is con¬ 
cerned, the lumped capacitance equivalent gives essentially the same 
results as the distributed constants. However, there are differences 
near the beginning of discharge which may be significant as far as 
arrester discharge capabilities are concerned. To bring these differ¬ 
ences out more clearly, Fig. 7*12 was prepared. It is clear that, start¬ 
ing with uniformally distributed voltage along the line, the current at 
the start is less for distributed constants. After about 200 microsec¬ 
onds the current is greater for the distributed-constant case. This is 
because the surge impedance of the line is in series with the arrester. 
From there on, the relative current magnitudes shift with respect to 
each other several times but the overall duration remains essentially 
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the same in either event. Since the agreement between results for the 
lumped-constant case and the semidistributed-constant case becomes 
even better for shorter line lengths and cable, it is believed justifiable 
as a first approach to evaluate the severity of surges from the stand¬ 
point of arrester discharge duty simply on the basis of microfarads to 
be discharged. 

Acceptance of this leads to approval of the arrangement in Fig. 
7*4 (b) as the basic circuit of interest. The capacitor C charged to a 
voltage e 0 , corresponding to minimum gap sparkover voltage of the 
arrester, discharges through the arrester when the switch S is closed. 
The differential equation for this circuit was solved in Section 7-4. 
It is shown there that the severity of discharge duty is propor¬ 
tional to the product nC where n is the number of 12-kv arrester 
units in series and C is the capacitance that is to be discharged. This 
is essentially equivalent to saying that the severity of arrester duty 
is proportional to system voltage and line capacitance. Since there is 
some basis for thinking of line lengths being proportional to kv, the 
foregoing criteria can be summarized by saying that the severity of 
arrester discharge duty may be considered very roughly proportional 
to the square of system voltage. Obviously there will be numerous 
exceptions to this. Cable circuits, shunt capacitor banks, and various 
other factors will give rise to exceptions. 

Studies of various arrester materials have shown that some of these 
materials may possess high discharge capacity for short-duration 
surges (5 X 10 microsecond waves) but have relatively low discharge 
capacity on the low-ampere long-duration discharges. Therefore such 
surges become a factor of importance to both designers and users of 
arresters. Since improvements in arrester design are constantly being 
sought, it will be well to avoid being specific. It seems entirely in 
order to point out, however, that the station-type (heavy duty) ar¬ 
rester has about twice the discharge capacity, for long-duration dis¬ 
charges representative of these switching surge phenomena, that the 
line or distribution-type (lighter duty) arrester has. 

7-6 FIELD TESTS 

Field tests have been made under several different sets of system 
conditions to substantiate the foregoing information. The results 
have afforded bench marks with which miniature-systems tests, labor¬ 
atory, and analytical results could be coordinated. One system on 
which tests were made involved a 161-kv source from which 175 miles 
of line were dropped by means of opening a circuit breaker, with a 
145-kv arrester at the far end. Curve B of Fig. 7*11 was obtained 
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in one such test. Another case involved a 115-kv source from which 
75 miles of line were dropped with a ten-unit arrester at the near end. 

A summary of the maximum arrester currents obtained in the 115-kv 
tests is shown in Fig. 7*13. A total of 26 three-phase openings were 

2001-t-1-1-1-1 
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Fia. 7*13. Distribution of peak arrester currents measured during line-dropping 
tests in 115-kv system. Line length, 75 miles. 50 measured currents. 

made. This caused 34 arrester operations giving a percentage curve 
as shown. Actually, as far as frequency of occurrence is concerned, 
there is no favoring of either positive or negative discharges. The 
maximum current measured was 170 amperes crest. Theoretical 
studies indicate that the maximum current possible under the condi¬ 
tions of test is by calculation approximately 350 amperes crest. The 
probability of getting 350 amperes, however, is very small. Any at¬ 
tempt to evaluate probabilities of this nature rapidly becomes en- 
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gulfed in difficulties. Obviously, the actual currents depend inti¬ 
mately on the breaker restriking characteristics, and these are diffi¬ 
cult to predetermine. 

Figure 7-14 shows some further results of the 115-kv tests. This 
curve shows that frequently the arrester was required to discharge the 
line several times in quick succession during opening. In one case, 



Percent of arrester operations that had the number of successive 
discharges indicated by the ordinate 

Fig. 7-14. Number of successive discharges as a function of per cent of number of 
operations. Results of 115-kv system-switching tests dropping 75 miles of line. 

it was required to discharge the line five times on successive half¬ 
cycles during one opening. 

7-7 CONCLUSIONS 

It must be emphasized that the entire problem of system overvolt¬ 
ages associated with breaker restriking such as has been discussed 
here is intimately associated with breaker performance characteristics. 
There are breakers that do not permit voltages of the type discussed 
here of sufficient magnitude to cause arrester operation. On the other 
hand, there are numerous installations in operation now that do give 
rise to this problem. This chapter applies directly to these cases. 

Although there are other good reasons for sectionalizing long lines 
by means of intermediate switching stations, the facts presented in 
this chapter indicate one additional advantage to be gained by plan¬ 
ning to avoid switching extremely long lines or cables of exceptional 
length at high voltage. Some of the extreme cases in this regard may 
require special attention from the arrester application standpoint. 
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Other conclusions are: 

1. The severity of discharge duty is a function of surge impedance 
and increases with the amount of capacitance (length of line) being 
switched and the number of arrester units in series. 

2. Cable circuits increase the discharge duty imposed upon arresters 
because of low surge impedance and increased capacitance per unit 
length. 

3. It is rarely to be expected that arrester currents resulting from 
switching surges will exceed 500 amperes. The long duration of uni¬ 
directional current flow, rather than current magnitude, is the chief 
reason for their having significance from an arrester design and 
application standpoint. 

4. Discharge duty imposed upon arresters in isolated-neutral sys¬ 
tems may be particularly severe. In effect, an arrester operating as 
a result of switching surges must discharge the zero-sequence capaci¬ 
tance of all three phases. The duty is relatively severe for arresters 
connected either at the neutrals of wye-connected transformers or con¬ 
nected at the terminals line to ground. 

5. In low-voltage systems, or in systems with directly connected 
generation, where the capacitance is small there is little chance of 
arrester failure due to switching surges of the type discussed here. 

6. The discharge capacity that is incorporated in the design of an 
arrester to enable it to withstand long-duration switching surges will 
be equally effective in discharging long-duration lightning surges. 

7. Any impedance to ground in parallel with an arrester will tend 
to relieve the arrester. Transformers connected from line to ground 
may be particularly helpful in this regard. Because of the long time 
duration of discharge, even the magnetizing impedance of a trans¬ 
former affords finally, because of saturation, a low impedance path in 
parallel with the arrester. 
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8 OVERVOLTAGES CAUSED 
BY SUDDEN LOSS OF LOAD 

8-1 INTRODUCTION 

System disturbances resulting in switching may cause some ma¬ 
chines on a system to pick up more load and other machines to re¬ 
duce their load. Certain machines may in fact be caused suddenly to 
drop full load under some conditions of operation and faults when sub¬ 
sequent switching operations are performed. That the terminal volt¬ 
age on a machine suddenly rises when a typical load is rejected is 
fairly well known. The consequences are not always fully appreci¬ 
ated, however, especially when capacitance (cables and transmission 
line) is left on the terminals of machines after load is dropped. The 
consequences are especially significant from the standpoint of the 
overvoltages produced, arrester applications, and circuit breaker ap¬ 
plications. 

It is the purpose of this chapter to outline the fundamental nature 
of the phenomenon and extend the analysis to practical cases, includ¬ 
ing the effects of overspeeding, long transmission lines, transformer 
saturation, and corona losses. 

8-2 LOAD LOST AT GENERATOR TERMINALS 

Consider the one-line diagram of a system consisting of only a 
generator and load as shown in Fig. 8-1(a). The generator is as¬ 
sumed to be of round-rotor construction for simplicity so that the 
effects of saliency need not be brought in. Resistance of the armature 
windings is assumed to be negligible, and there is no rotor winding 
other than the main field winding. Assume that the machine is carry¬ 
ing a load per phase represented in the vector diagram in Fig. 8*1 (b) 
by a current I and terminal voltage V t which is normal voltage for the 
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machine. The excitation voltage is then E d = V% + I{jX d ) vectori- 
ally. Similarly, E d ' = V t + I(jX d ). 

If the breaker shown is suddenly opened, the current I immediately 
drops to zero. Consequently the synchronously rotating armature mmf 
disappeared. In order for the flux linkages in the field circuit to re- 





Fig. 8-1. Elements of sudden load dropping. V t is terminal voltage to neutral; 
/ is load current per phase; E d is voltage back of transient reactance; E d is excitation 
voltage; X d is transient reactance; X d is synchronous reactance, (a) One-line dia¬ 
gram. (6) Vector diagram for Bystem in (a), (c) Equivalent circuit for system in (a). 

main constant an instantaneous change in field current takes place 
which, when losses are included, finally disappears exponentially at a 
rate depending on the field time constant. The effects of sudden 
changes of load, or terminal conditions, can be analyzed, as is well 
known, by considering that the voltage E d remains constant for a 
short period of time immediately after the sudden change in terminal 
conditions takes place. This is not merely an assumption but can be 
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shown to be rigorously correct as a direct consequence of the con¬ 
stant flux linkage theorem which is basic in synchronous machine 
theory. 18 * 14> 16 If a long interval of time is to be considered, then the 
decay of flux linkages with time must be considered; but, for a matter 
of several cycles after a change in terminal conditions, it is funda¬ 
mental to all system stability studies that E d can be considered con¬ 
stant in a synchronous machine. 

As a consequence of the foregoing, it is possible to represent the 
system of Fig. 8*1 (a) by the simple equivalent circuit of Fig. 8* 1(c). 
If the switch S, corresponding to the breaker, is then opened, the 
terminal voltage, which was normal with the switch closed, suddenly 
rises to the value 

V/ = E d ' [8*1] 

which is higher for the normal lagging power factor loads than V t . 
Thus there is normally a sudden overvoltage at the terminals of a 
synchronous machine whenever a typical load is suddenly dropped. 
If nothing were done to the excitation of the machine, the armature 
voltage would increase as time goes on, ultimately reaching a value of 
E df neglecting saturation effects. 

If the machine were initially operating at unity power factor, then 
the sudden increase in terminal voltage when load is dropped would 
be very small; if the load were at very low lagging power factor, then 
the sudden increase might be from approximately 10 per cent to 30 
per cent or more, depending on the load, the load power factor, and 
the value of transient reactance X d . 


8-3 LOAD LOST AT THE RECEIVING END OF A TRANSMISSION LINE 

Consider the system shown in Fig. 8-2(a) consisting of a generator, 
step-up transformer, transmission line, breaker, and a receiving-end 
load. If the load is suddenly dropped at the receiving end, it is 
similar to opening the switch S in the simplified equivalent circuit of 
Fig. 8*2(6). Here V/ does not become E d as in equation [8*1] when 
the switch is suddenly opened but becomes 


Vt 



Xrl _ 

(X, + XJ) 


[ 8 * 2 ] 


Thus there is a further amplification of the terminal voltage if capaci¬ 
tance is left on the bus when load is rejected. In the diagram of Fig. 
8-2(6), C i is the equivalent positive-sequence capacitance of the line. 
It should be recognized also that, if the line is long, then there is a 
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higher voltage at the receiving end of the line when the breaker is 
opened than at the sending end, in accordance with well-known trans- 
mission-line theory. It is clear from the foregoing analysis that, if an 
unloaded transmission line is ever left to be energized by a machine or 
machines so that the normal voltage line charging kva and machine 
ratings are comparable in value, then the voltage on the line, and at 
the machine terminals, may reach values far above normal voltage. 
Corona losses and transformer saturation may be important factors 
in limiting these overvoltages. Arresters (if present) would also be 



(a) 



Fig. 8-2. Elements of sudden load dropping at the receiving end of a transmission 
line, (a) One-line diagram, (b) Simplified equivalent circuit for (a). 

expected to function and limit such overvoltages, possibly not with¬ 
out damage to themselves if the sustained voltages are above the 
arrester ratings. 

8-4 EFFECT OF OVERSPEEDING 

It was stated that the constant flux linkage theorem was basic to 
the foregoing analysis. It follows that, if the field flux linkages re¬ 
main constant, then the generated voltage should vary directly with 
speed. Consequently, E/ varies directly with speed under the condi¬ 
tions outlined in Sections 8*2 and 8-3. When load is suddenly 
dropped on a machine there is an immediate net accelerating torque 
applied to the rotor of that machine so that inevitably there is an 
ultimate increase of speed. The amount of this overspeeding varies 
considerably, depending on the type of machine. Water-wheel gen¬ 
erators generally overspeed considerably more than steam turbines for 
the main reason that it is not possible for the speed governor to actu¬ 
ate the butterfly valve of a water-wheel generator so quickly without 
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damage to the installation as it can the valves of a steam turbine, 
and thereby reduce the mechanical torque on the rotor. Steam tur¬ 
bines can be kept down to overspeeds of 10 or 15 per cent. For the 
water wheel, the large confined column of water involved cannot be 
stopped immediately but must be slowed up gradually so that con¬ 
siderably greater overspeeds are reached before input and output 
torque equilibrium is reached. This represents an additional source 
of overvoltage in that E d ' in equations [8*1] and [8*2] should be 
multiplied by the instantaneous per-unit speed. Furthermore, this 
fact has additional significance in that the inductive reactances should 
be multiplied by this per-unit speed and the capacitive reactances 
should be divided by the per-unit speed. If S is the per-unit speed, 
then equation [8*2] becomes 

X cl /S 

V / = E d 'S -—- 

(X c i/S) - S(X t + XJ) 


SE d 'X c i 

X^-S 2 (X t + X d ') 


[8*3] 


Since water wheels are ordinarily associated with the longer transmis¬ 
sion lines, equation [8-3] is very significant in view of the foregoing 
discussion. Furthermore, as mentioned previously, the overvoltage 
at the receiving end of a given transmission line as in Fig. 8*2(5) is 
further amplified owing to overspeeding. In effect, the line is in¬ 
creased in length in proportion to the speed S. 


8-5 EFFECT OF TRANSFORMER SATURATION 

That transformer saturation does not always act to reduce over¬ 
voltages during loss of load phenomena is not an immediately obvious 
fact. Under some conditions it does serve to reduce overvoltages, 
under certain other system conditions it actually serves to increase 
overvoltages to approximately double the values disclosed by the 
foregoing analysis, neglecting corona losses and the presence of over¬ 
voltage protective equipment. Such additional overvoltages may oc¬ 
cur for certain combinations of transmission-line length and system 
reactance when a lightly loaded or unloaded transformer is connected 
to a transmission line. It will be shown in this section that such a 
system is most susceptible to overvoltage phenomena when the trans¬ 
former is connected to the receiving end of that transmission line, al¬ 
though, theoretically, similar phenomena may occur for any trans¬ 
former location, including the transformer at the sending end. These 
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overvoltages are in addition to the normal fundamental-frequency 
voltage rise and are of a combination subharmonic arid harmonic 
nature. The conditions would probably be most serious from a prac¬ 
tical point of view, when accompanied by generator overspeeding im¬ 
mediately following sudden loss of load caused by low-side switching 
which would simultaneously remove any receiving-end synchronous 
condenser capacity otherwise normally present. It should be borne 



Fig. 8-3. 


Sending end 

__j j. 


Transmission line 


A'li 

Transf. 


Receiving end 

HI 

^ A 
Transf. 


One-line diagram of system studied. 


in mind that either end of a long transmission line may be con¬ 
sidered the receiving end in the sense that the term is employed in this 
section. 

Figure 8-3 shows the basic circuit under discussion. In a system 
such as this, the receiving-end transformer would become considerably 
overexcited if its load were suddenly lost during a system disturbance 
severe enough to cause the receiving-end low-voltage circuit breakers 
to open. This would leave the transformer energized with no load 


General System Diagram Transformer 



Fig. 8 • 4. Three-phase miniature system equivalent of the system shown in Fig. 8*3. 


and thus with only exciting current flowing. However, the magnetiz¬ 
ing impedance of a transformer, although fundamentally reactive, is a 
variable quantity because of saturation of the iron core. During 
periods of saturation, relatively high peak currents may flow momen¬ 
tarily. 

In order to study appropriately, without simplifying assumptions, 
the problem involving a distributed-constant line and a saturable 
reactance, the method of miniature-system representation was em- 
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ployed. For this purpose, the system of Fig. 8-4 was set up as a 
three-phase representation of the system of Fig. 8*3. The artificial 
transmission line was made up of ten-mile sections as previously de¬ 
scribed. In this particular study, the abruptness of transformer satu¬ 
ration could be varied simply by varying X t as shown in Fig. 8-5. 



Fig. 8-5. Saturation curves used in this study. D-c resistance of winding expressed 
as a ratio to X m is 0.0003. X m = 13,000 ohms at 110 volts, 60 cycles, for one trans¬ 
former. 


The values of X t used were always small relative to X m so that X m 
remained substantially independent of X t /X m . Consequently the con¬ 
nected receiving transformer kilovolt amperes remained essentially 
independent of X t /X m , and only the saturation characteristic of the 
receiving-end transformer was modified by varying X t /X m as shown 
in Fig. 8*5. 

Each single-phase transformer used at the receiving end had a mag¬ 
netizing impedance of X m = 13,000 ohms at normal voltage of 110 
volts. Two of these units could be put in each phase in parallel, the 
value of receiving-end magnetizing reactance thus being halved, or 
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two units could be put in series in each phase (provided that the value 
of E in volts was doubled) the value of receiving-end transformer 
magnetizing reactance thus being doubled. In any event, the receiv¬ 
ing-end transformer kilovolt-amperes to be associated with any value 
of X m is given by the following relation: 

(kv) 2 X 1,000 

Xm — 

kva X I m 

where X m is the receiving-end transformer magnetizing reactance in 
ohms per phase at normal voltage; kv is normal system line-to-line 
voltage; kva is the receiving-end transformer bank rating; I m is the 
rms exciting current in per-unit per phase at normal voltage. Thus if 
X m — 13,000 ohms and if a three per cent exciting current and a 230-kv 
system are assumed, the receiver-end transformer kva rating repre¬ 
sented by the miniature system would be 


kva 


(230) 2 (1,000) 

13,000(0.03) 


135,000 kva 


Provision was made for operating the receiving-end transformer 
with or without the delta open. Shunt reactors or resistors of variable 
kilovolt-ampere rating, as well as resonant shunts and synchronous 
condensers, could be switched in at the receiving end. Series capacitors 
for line-reactance compensation could be inserted as desired. Provision 
was made for varying the resistance of the transmission line and of 
the receiving-end transformer and for varying the sine-wave generator 
voltage, thus changing the normal operating flux density in the receiv¬ 
ing-end transformer as desired. Consequently numerous factors sepa¬ 
rately or in combination could be carefully studied. 

The effect of lightning arresters in limiting these overvoltages and 
thus protecting terminal equipment was not included in this study. 
It follows from the results revealing the nature of the phenomenon, 
however, that lightning arresters may be damaged by such sustained 
overvoltages. 


Nomenclature 

E = voltage back of X t in per-unit (base voltage is 1.0 in Fig. 8*5). 
X t = source reactance. 

Xt — transformer series reactance (for saturation adjustment). 

X ^ zero-sequence line reactance 
positive-sequence line reactance 
line resistance , . . 

T\/X\ — --(positive sequence). 

line reactance 



192 


OVERVOLTAGES CAUSED BY SUDDEN LOSS OF LOAD 


Vr 

Xci/Xr 


ro/Xo 

f 

X m 


Xeh X* 


Xae 

X L 

R 


X R 

Rr 


crest voltage at receiving end with transformer 
crest voltage at receiving end without transformer 
positive-sequence capacitive reactance 
shunt reactance 

line resistance . . 

—-(zero sequence). 

hne reactance 

cycles per second. 

magnetizing reactance in ohms at normal voltage and frequency, 
positive- and zero-sequence shunt capacitive reactance of line, respec¬ 
tively. 

series-capacitor reactance. 

non-saturable reactance in parallel with X tc . 

resistance in parallel with X ac . 

non-saturable shunt reactance at receiving-end transformer terminals, 
shunt resistance at receiving-end transformer terminals. 


Discussion of Results. With the system set up as in Fig. 8*4, curves 
as shown in Figs. 8*6(a) and 8-6(6) were obtained. It should be 



Fig. 8*6. Voltages Vr obtained in the system of Fig. 8 *4. X 9 86 ohms; / — 60 
cycles per second; X 0 /Xi - 4.0; rJX\ « 0.1; X t /X m - 0.014; X m * 13,000 ohms; 
no series-capacitor compensation; no load on system; no shunt reactors, (a) Delta 

closed, (b) Delta open. 
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200 300 400 500 600 

Length of line in miles 

( 6 ) 

Fig. 8*6 ( Continued ). 

emphasized that the voltage V R is a ratio of crest voltage-to-ground 
at the receiver end with the transformer connected, to the crest voltage 
at the same location with the transformer disconnected. Thus the 
normal rise in the line is eliminated from the results, and the effect of 
the transformer alone is shown by these figures. 

The oscillograms shown in Fig. 8*7 are typical illustrations. No 
two of these oscillograms were taken simultaneously, and so it is not 
possible to correlate instantaneous values of voltage and current. 
However, the variation in voltage and current wave shapes with time 
is indicated. The voltage is seen to be made up largely of a second 
harmonic and subharmonics. The current traces clearly show evi¬ 
dence of subharmonics and even harmonics. The time required for 
this condition to be reached following sudden loss of load varies from 
a few cycles to a second or two, depending on the value of E and the 
system constants. 

The values of E maintained back of X 9 range from a maximum of 
1.1 down to values such that the effect of the transformer is negligible 
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from the standpoint of producing overvoltages. It is felt that this 
covers the practical range, including the case of sudden loss of load 
at the receiving end. Unit voltage E = 1.0 defines the normal operat¬ 
ing point on the saturations curves of Fig. 8*5 when applied directly 
to the terminals of the transformer. 
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Fig. 8-7. Oscillograms showing the nature of the phenomenon. System constants 
as in Fig. 8-6(a), with 320 miles of line, (a) Vr, phase a voltage to ground at re¬ 
ceiving-end transformer terminals. ( b ) Receiving-end phase a transformer mag¬ 
netizing current, (c) Voltage-to-ground at sending-end times that which would 
exist without the transformer. 


It is to be noted that, if E is reduced approximately to values such 
that the receiving-end transformer is not overexcited, no overvoltages 
will occur. It is significant also that the region of abnormality is not 
greatly affected by the delta being opened or closed. Furthermore, 
it was found during the study that the phenomenon is essentially inde¬ 
pendent of the method of grounding the receiving-end transformer 
neutral when a closed delta winding is present. 
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It should be noted that, whereas the system studied is characterized 
by a “sending end” and a “receiving end,” in the actual case either end 
may become the receiving end in the sense employed here. That is, 
during a system disturbance, either end of the line may be switched 
out on the low-voltage side, leaving an unloaded system of the type 
illustrated in Fig. 8-4. 



E 

=> 

E 

X 

to 

E 

£ 


Fig. 8-8. Boundaries of overvoltage region as affected by line length and source 
reactance with receiving-end transformer delta closed. Frequency, 60 cycles per 

second. 


Similar tests made under numerous miniature-system conditions 
have made it possible to summarize the effect of source reactance X, 
as shown in Fig. 8-8. Since the case of open delta is of little practical 
significance, only the closed-delta condition is shown. This figure 
shows the regions in which V R is greater than unity in terms of miles 
of transmission line and source reactance in ohms. Since the delta 
being opened has little effect on the region of abnormality in general, 
it is to be concluded that the reactance of the tertiary winding is of 
little consequence. Furthermore, the negligible effect of the delta 
being opened has some significance from the standpoint of the theory 
involved, as will be shown later. 

The curves of Fig. 8*8 indicate that overvoltages are to be expected 
over a range of line lengths from 200 miles on up to slightly over 400 
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miles when the system frequency is 60 cycles per second, and source 
reactances are in the practical range. With lower frequencies the line 
lengths could be increased inversely as the frequency before encounter¬ 
ing the difficulty. The maximum value of V R obtained was 1.8 with 
the delta closed, and the length of line producing the maximum over¬ 
voltage is shown to increase as the source reactance decreases. Thus, 
under system conditions corresponding to these, voltages of the order 
of twice those normally expected may exist at the terminals of the 



Fig. 8-9. Effect of sending-end voltage. System constants as in Fig. 8* 6(a). 


receiving-end transformer if the line length and system source react¬ 
ance are in the right combination, and if corona and lightning ar¬ 
resters are not voltage-limiting factors. 

Although the curves of Fig. 8-8 are for the transformer located at 
the receiving end of the transmission line, it can be shown that the 
critical combination of length of line and source reactance that is sus¬ 
ceptible to these phenomena is independent of the transformer loca¬ 
tion. Even the sending-end transformer can produce the same phe¬ 
nomena for the same range of constants shown in Fig. 8-8. However, 
a somewhat higher range of values of E (voltage back of equivalent 
system reactance, X 8 ) would be required to give rise to the phenome¬ 
non here. The receiving-end transformer location renders a given 
system more vulnerable to such disturbances because of the normal- 
frequency voltage rise in the line. 

The effect of the voltage E maintained within the system is shown 
in Fig. 8*9 for the same case as in Fig. 8*6. As the system voltage is 
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decreased, the range of system constants capable of giving rise to this 
abnormality decreases, and at E = 0.8 the phenomenon disappears 
entirely. This suggests the theoretical possibility of avoiding such 
overvoltage phenomena by using low flux density transformers, al¬ 
though other means may generally be more desirable. 

The effect of varying the magnetizing reactance X m is illustrated 
in Fig. 8-10. It is believed that this covers the practical range of X m 



Fia. 8 10. Effect of varying the receiving-end transformer magnetizing reactance 
X m . System constants as in Fig. 8-6(a). 

and shows that the phenomenon is not critical to a particular value 
of X m . Obviously, if X m is oo, the value of V R = 1 as shown, and, if 
very high values of X m are connected to the transmission line, little 
disturbance of the type under discussion would be expected. In order 
to make the results more general, values of X m are given in ohms, but 
they can readily be converted to specific transformer kilovolt-ampere 
ratings in systems of given voltage rating, if the magnetizing current 
in per cent is known or assumed. The formula given in the preceding 
section can be used for this purpose. 

The effect of line resistance is illustrated in Fig. 8-11. It appears 
that, if ri/Xi could be as high as 0.4 or higher, the phenomena would 
not occur. However, practical values of r x /X x in lines such as these 
under discussion would fall considerably below this value—on the 
order of 0.2 or less. Therefore, line resistance would not be expected 
to eliminate the overvoltages in a practical case. Furthermore, any 
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attempt to increase the circuit resistance may increase the tendency 
for hunting to take place. 

The effect of steepness of saturation is illustrated in Fig. 8*12. It 
is evident from this illustration that the phenomenon is not critical 
to the abruptness of saturation over a practical range, although the 
more abrupt saturation characteristic in general appears to lead to 
higher voltages and broaden the range of constants for which they 
may be obtained. 


500 


400 


300 


200 









^-maxirr 

ium 

V 


Mil< 
for m; 





5S of line 
aximuml 


2 

\ 



Kn 

Regio 

v* 

the 

\ 

n in whic 
s greater 
an unity 

h 

► 






1 ! 
1 


0.1 


0.2 0.3 

r\/Xi in line 


0.4 


0.5 


Fig. 8-11. Effect of line resistance. System constants as in Fig. 8*6(o). 


The effect of generator overspeeding is illustrated in Fig. 8*13. 
A system normally not in the region of overvoltages may be brought 
into the region by generator overspeeding as a result of loss of load. 

After observing the effects of various factors in producing these 
overvoltages, means were investigated for controlling them. Among 
the first means investigated were shunt reactors placed at the termi¬ 
nals of the receiving-end transformer. The ability of reactors to ac¬ 
complish the desired purpose is illustrated in Fig. 8*14. It is interest¬ 
ing to note that shunt reactor kilovolt-amperes as high as 65 per cent 
of normal line-charging kilovolt-amperes may be required to keep V R 
down to unity. This amount of reactance does not include compensa¬ 
tion for the normal rise in the line, since V R as defined is independent 
of the normal rise in voltage in the line. If generator overspeeding is 
an appreciable factor, shunt reactors to take care of the normal funda¬ 
mental-frequency rise in the line may not prevent the occurrence of 
this phenomenon because of the increase in applied frequency. 
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Fig. 8-12. Effect of abruptness of transformer saturation at receiving end. System 
constants as in Fig. 8 -6(a). 
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Xg -ohms 

Fig. 8*14. Maximum shunt reactance kilovolt-amperes at receiving-end transformer 
terminals required to reduce Vr to unity. Shunt reactor kilovolt-amperes expressed 
as a ratio to normal line-charging kilovolt-amperes in accordance with the insert. 
System constants as in Fig. 8-6(a). 



Fio. 8 • 15. Effect of abruptness of saturation on the required shunt reactor kilovolt¬ 
amperes to reduce Vr to unity. System constants as in Fig. 8-6(a). 
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Figure 8*15 indicates that if the receiving-end transformer saturates 
more abruptly, more reactor kilovolt-amperes may be required to 
stabilize the voltages. 

Figure 8*16 suggests that the maximum required Xci/Xr is likely 
to increase as the value of X m decreases. This is representative for 
the practical range of X m . 

Figure 8*17 shows that a synchronous condenser is very effective 
in eliminating the overvoltage hazard. In most actual instances, a 
condenser at the receiver end of a size greater than the minimum re- 
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Fig. 8*16. Effect of magnitude of A r m on the required shunt reactor kilovolt-amperes 
to reduce Vr to unity. System constants as in Fig. 8-6(a). 

quired for overvoltage stability is likely to be present. Consequently 
this is one very practical and effective means of overcoming the diffi¬ 
culty. However, provision must be made for keeping the condenser 
on the system, even though the load is lost. Thus, in addition to con¬ 
trolling the fundamental-frequency voltage at the receiver end during 
normal load conditions, a condenser is expected to be effective in 
eliminating abnormal harmonic and subharmonic voltages such as 
these during system disturbances. 

The curves of Fig. 8-17 require some discussion, because they show 
a minimum condenser requirement for the length of line giving rise to 
the maximum values of V R . Practically, however, the necessity for 
reducing V R at all is greatest when V R is greatest. Therefore, for 
practical purposes, the maximum condenser requirements here are 
more nearly the minimum values shown in Fig. 8*17. In other words, 
a condenser of 15,000 kva would probably, be adequate for keeping 
Vr from becoming destructive in magnitude for this case. 
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One other very effective means that has been found for eliminating 
the overvoltages is the second-harmonic resonant shunt located at the 
receiver-end transformer. The shunt may be either delta- or wye- 
connected. If wye-connected, it makes no difference whether the neu¬ 
tral point is grounded or not. Its effectiveness is illustrated in Fig. 
8*18. The reason for the effectiveness of the second-harmonic shunt 
is discussed in the following section. 


70 

60 


50 



260 280 300 320 340 360 

Miles of line 


Fig. 8-17. Synchronous-condenser kilovolt-amperes capacity required at the re¬ 
ceiving end to reduce Vr to unity. System as in Fig. 8’6(a), with X t /X m =* 0, 
transient reactance of condenser assumed to be 30 per cent on rating in 230-kv 
system. Voltage back of transient reactance of condenser, 133 per cent. 


The effect of series capacitors at the mid-point of the transmission 
line is illustrated in Fig. 8-19. Series capacitors at the mid-point of 
the line for 50 per cent compensation of the line drop were used here. 
The region of abnormality was broadened considerably by the pres¬ 
ence of series capacitors as can readily be seen by comparing this 
figure with Fig. 8*6(a) or 8-6(b). The reason for this broadening 
of the region of abnormality is that an additional phenomenon, differ¬ 
ent in nature, is introduced by the presence of series capacitors. This 
is discussed further in the following section (Section 8*6). 

It is possible to eliminate the phenomenon entirely by using shunt 
reactors located at the terminals of the receiving-end transformer. 
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Per unit natural frequency of resonant shunt 

Fig. 8*18. Effect of resonant shunt on Vr. Shunt consists of reactor and capacitor 
in series located at the terminals of the receiving-end transformer. Reactor, 6.0 
henries. Capacitance varied. System constants as in Fig. 8* 6(a) with 320 miles 

of line. 



Miles of line 

Fig. 8*19. Relationship between Vr and miles of line with series capacitors. Series- 
capacitor kilovolt-amperes at mid-point of line correcting for 60 per cent of line- 
reactance drop. System constants as in Fig. 8* 6(a). E ^ 1.1 
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200 300 400 


Miles of line 

Fig. 8*20. Shunt reactance or resistance required at the receiving-end transformer 
terminals to hold Vr down to unity for E ^ 1.1 System constants as in Fig. 8-6(a) 
with 50 per cent series-capacitor line-reactance drop compensation at the mid-point 

of the line. 



Miles of line 

Fig. 8*21. Resistance or reactance required in parallel with series capacitor to hold 
Vr down to unity for E ^ 1.1. X ac = reactance of series capacitors; Xl " reactance 
in parallel with X $c ; R * resistance in parallel with X gc . Other system constants 
as in Fig. 8* 6(a) with 50 per cent series-capacitor line-reactance drop compensation 
at the mid-point of the line. 
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The amount of reactance required is shown for one case in Fig. 8*20. 
In this figure the amount of shunt resistance required for the same 
case is also shown. 

The possibility of using a resistor in shunt with the series capacitor 
has previously been given some consideration. A reactor in parallel 
with the series capacitor also is effective as shown in Fig. 8-21, al- 



200 300 400 500 600 

Miles of line 


Fig. 8-22. Resistance or reactance required in parallel with series capacitors to 
hold Vr down to unity for E ^ 1.1. X tc = reactance of series capacitors; Xi * 
reactance in parallel with X ac ; R = resistance in parallel with X gc . Second-harmonic 
shunt at receiving-end transformer terminals. Shunt made up of 2,000-ohm in¬ 
ductance in series with 0.32-microfarad capacitance wye-connected and ungrounded. 
Other system constants as in Fig. 8-6(a) with 50 per cent series-capacitor line- 
reactance drop compensation at the mid-point of the line. 

though, for this case, the effectiveness of either a resistor or reactor so 
placed decreases rapidly for lengths of line above 280 miles. 

In Fig. 8*22, the curves show the amount of reactance or resistance 
required in parallel with the series capacitor for the same case, the 
only difference being that a second-harmonic resonant shunt has been 
connected to the terminals of the receiving-end transformer. React¬ 
ance is seen to be quite effective here as a means of eliminating the 
phenomenon for line lengths up to well over 400 miles, whereas resist¬ 
ance is not nearly so effective. Furthermore, resistance is undesirable 
since it introduces losses during normal load conditions which in the 
proportions required would be intolerable in most cases. 
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A condenser of practical size at the receiving end is very effective 
in eliminating the voltage instability, either with or without series 
capacitors. 

8-6 THEORY OF EFFECT OF SATURATION 

The cause of the phenomena discussed in the preceding section can 
best be understood by first considering a single-phase circuit as shown 
in Fig. 8*23. Here the essential elements of the three-phase circuit 
of Fig. 8-4 are present, the transmission line being represented by a 
capacitor X c , and the source reactance by X L . The transformer X m , 
which can be connected or disconnected by the switch, corresponds to 



Fig. 8 • 23. Single-phase lumped-constant circuit studied. 

the receiving-end transformer of Fig. 8*8 where X t and X m define the 
transformer characteristics. 

With V R defined as in the preceding discussion the results obtained 
by varying X C /X L and X m /X L are shown in Fig. 8*24. Here two peaks 
of overvoltage are shown, one largely of second-harmonic and sub¬ 
harmonic nature for X C /X L just below four and the other largely of 
third-harmonic nature for X C /X L just below nine. The higher values 
of X m /X L cause the peaks of overvoltage to move closer to four and 
nine, respectively. Now when X C /X L = 4, the circuit viewed from 
the switch location with the switch open is tuned to the second har¬ 
monic, and, when X C /X L = 9, it is tuned to the third harmonic. 

For the case of X C /X L just below nine, it is not difficult to see why 
overvoltages will occur. If X C /X L = 9, the impedance of the circuit 
viewed from the switch with the switch open is infinite to the third 
harmonic, neglecting resistance. Consequently, in trying to supply 
the required third-harmonic current to the transformer, a large third- 
harmonic drop is encountered, and this shows up at the transformer 
terminals as indicated in the curves. If X c /X L is lower than about 
7.5 and higher than about 12, the impedance to the third harmonic 
required by the transformer is low enough essentially to eliminate the 
overvoltages of the third-harmonic type. 
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It is to be noted that the overvoltages of this type are a maximum 
when X C /X L is slightly less than nine. This means that the system 
impedance is capacitive and of a high value to the third harmonic. 
This is to be expected since, with the switch closed, the path for third 
harmonics includes X m also, which, although difficult to evaluate under 
these saturated conditions, nevertheless is fundamentally reactive to 
the third harmonic. This probably compensates for the resultant 



0 5 10 15 20 

Fiq. 8-24. Results obtained in the study of the circuit shown in Fig. 8*23. 


capacitive reactance of the system to bring the overall system more 
nearly in tune to the third harmonic at the point giving rise to the 
maximum V H shown in Fig. 8*24. 

With regard to the peak values of V R for X C /X L slightly less than 
four, the explanation is more difficult, because, although the system 
impedance with the switch open is infinite (neglecting resistance) to 
the second harmonic when X C /X L — 4, the transformer in normal 
steady-state operation with sinusoidal voltage applied does not re¬ 
quire a second harmonic to flow. Consequently the preceding expla¬ 
nation, although satisfactory for the region of third-harmonic over¬ 
voltages, is not satisfactory for the region of second-harmonic over¬ 
voltages. 

In order to visualize the cause of the second-harmonic overvoltages, 
it is desirable to substitute the equivalent circuit of Fig. 8*25 for the 
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circuit of Fig. 8 • 23. In this figure, the two reactances X L and X 0 corre¬ 
spond to the reactances so labeled in Fig. 8*23. The reactances X m 
and X B are constant (not saturable) and represent the transformer 
of Fig. 8-23. 

In this equivalent circuit, the saturation of the transformer is repre¬ 
sented by two straight lines as shown in Fig. 8-25(b). The effect 


A-C sine wave 
generator 



(a) 



Fig. 8*25. Equivalent circuit (system of Fig. 8*23) for visualizing the underlying 
cause of the phenomenon. 


of saturation of this type is introduced in the equivalent circuit by 
closing switch S at every instant that the current i into the equivalent 
transformer exceeds a critical value and opening it at every instant 
that the current i falls below this critical value. In the illustration 
of Fig. 8-25(6), this critical value has been arbitrarily taken to be 
0.9 of the crest value which would be taken by X m if the switch S 
were never closed. On this basis the switch S would be opened and 
closed every half-cycle of fundamental frequency, or the switching 
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cycle would be repeated at a frequency corresponding essentially to 
second-harmonic frequency, and, since the circuit made up of X 0 and 
X L is approximately tuned to the second harmonic, it is to be ex¬ 
pected that the transient oscillations will be those corresponding at 
least approximately to the natural frequency as dictated by X 0 /X L . 

Furthermore, this concept aids greatly in visualizing the production 
of subharmonics as well as the second harmonics. Consider the equiv¬ 
alent circuit as operating in a steady-state condition with switch S 
open. Then assume that on some half-cycle, saturation is to be intro¬ 
duced in accordance with the preceding theory. This will mean that 
switch S must be closed when i reaches 0.9 of the crest value that it 
had been reaching on previous half-cycles. This instant can also be 
defined with respect to the fundamental-frequency voltage wave. 
Following the closing of the switch, a high peak of current will flow 
momentarily, and, when the total i returns to 0.9, switch S will be 
opened. This will leave a natural-frequency oscillation in the circuit, 
and, when the current i has gone through zero and reaches a value of 
0.9 again, switch S must be closed. This time, however, the instant 
of closing is not the same with respect to the fundamental-frequency 
voltage wave as it was on the first half-cycle because of the transient 
condition. However, the switch must be opened again when the cur¬ 
rent decreases to 0.9 in accordance with our criterion. Furthermore, 
the next half-cycle is likely to require that switch S be closed at still 
a different point on the voltage wave so that several cycles may elapse 
before two cycles are identical or nearly identical. Consequently sub¬ 
harmonics must appear, and the lowest subharmonic will be that cor¬ 
responding to the period in cycles of fundamental frequency required 
for the exact initial conditions of closing switch S to repeat. It is con¬ 
ceivable that, in a very low loss circuit, this might take a very long 
time; that is, the subharmonic frequency might be very low. 

The preceding analysis of the single-phase circuit can be applied 
directly to the three-phase circuit by recognizing that the regions of 
abnormality in the single-phase circuit were associated with circuit 
constants that offered infinite impedance to the second or third har¬ 
monics. In Fig. 8*26, the relationship between miles of line and 
source reactance for which infinite impedance is offered to harmonics 
is shown. Also the region in which V R was found to be greater than 
unity (from Fig. 8*8) is shown. It is significant that this region is 
close to the curve giving the relationship between miles of line and 
source reactance which offers infinite impedance to the second har¬ 
monic. Thus it corresponds to the single-phase case which for X C /X L 
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slightly less than four gave rise to overvoltages of a similar nature. 
Furthermore, the maximum values of overvoltage in the single-phase 
circuit occurred when X C /X L was slightly less than four. This meant 
that the impedance of the system was actually capacitive. In Fig. 
8*26, the region of abnormality lies above the line defining infinite 
impedance to the second harmonic. This also means that the react- 



Fig. 8-26. Relationship between miles of line and source reactance which offers 
infinite or zero impedance to harmonics viewed from any point along the line. Re¬ 
sistance neglected. 


ance in this region is capacitive, the similarity between the three- 
phase and the single-phase case thus being further established. 

In Fig. 8*26, a curve is shown for infinite impedance to third-har¬ 
monic current. Infinite impedance to the third harmonic occurs 
naturally for shorter line lengths than for the second harmonic for a 
given source reactance. However, with a receiving-end transformer 
having a closed delta, the third harmonic is not necessarily suppfied 
from the line, and therefore the system impedance has little effect. If 
the receiving-end transformer had no closed delta, then a region of 
overvoltages should be expected here of third-harmonic nature corre¬ 
sponding to X C /X L slightly less than 9.0 in Fig. 8*24. This region 
does exist but is considered of little practical significance in connec¬ 
tion with this book and so is not included in the curves. 
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The question as to why the delta being opened or closed made little 
difference in the phenomenon is answered in Fig. 8*26. Curves show¬ 
ing the relationship between miles of line and source reactance for 
zero impedance viewed from the receiving end are shown. The curve 
for zero impedance to the third harmonic is shown to fall partially 
within the region of abnormality, near its upper extremity. Thus in 
the abnormal region the system offers a low impedance to third-har¬ 
monic currents, and it makes little difference whether the receiving- 
end transformer has a closed delta or not, since in either event third- 
harmonic current can easily be supplied. 

The preceding discussion would not be complete without some men¬ 
tion of why the second-harmonic shunt is so effective in reducing the 
abnormal condition in the long lines case. In the single-phase case, 
the third-harmonic region of overvoltages could be eliminated by a 
third-harmonic resonant shunt, and the second-harmonic region could 
be eliminated by a second-harmonic shunt. By analogy between the 
single-phase and three-phase circuits it is evident that the abnormal 
region shown in Fig. 8*26 or Fig. 8*8 can be eliminated by a second- 
harmonic shunt. Furthermore, for reasons just mentioned, with the 
delta closed, no region of abnormality appears for the third harmonic. 
Consequently, for the delta-closed condition, which is of greatest prac¬ 
tical interest, a second-harmonic shunt is completely effective in elimi¬ 
nating the abnormal condition brought about by exciting power trans¬ 
formers through long lines. 

The preceding analysis has dealt with only the second and third 
harmonics. Higher harmonics, when suppressed by systems offering 
infinite impedance to them, will produce voltage distortions, but the 
overvoltages produced will in general be of no practical significance 
as compared to the phenomena as discussed in this chapter. 

Whereas the foregoing discussion has dealt primarily with long lines 
carrying magnetizing currents, it is possible that the phenomena ob¬ 
served may be encountered in other cases when the load requires har¬ 
monic currents to flow through long lines or from sources that tend 
to suppress them. Such a case may be encountered when, for example, 
rectifiers are supplied from long transmission lines. 

When series capacitors are present, the impedance of the system 
viewed from the receiving-end transformer terminals remains only 
slightly changed as far as harmonics are concerned. This is readily 
understood, because with any practical series-capacitor compensation 
the reactance of the series capacitor varies inversely as the frequency. 
Consequently, in the region that caused voltage instability without 
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series capacitors, it is to be expected that instability of the same type 
will be found with series capacitors. In addition, the presence of series 
capacitors introduces the possibility of series resonant conditions in a 
non-linear circuit consisting essentially of source and line reactance, 
series capacitor, and saturable reactor (transformer), which accounts 
for the broadening of the region of abnormality shown in Fig. 8*19. 
This circuit has been discussed in the technical press, and its behavior 
is generally well understood. It generally requires some form of 
“shock” excitation for the subharmonics to appear. That is, there are 
several modes of ultimate behavior, depending on the initial condi¬ 
tions. This is in contrast to the phenomena characteristic of the cir¬ 
cuit shown in Fig. 8*23 which is discussed in this chapter and which 
generally does not require shock excitation for the phenomena to ap¬ 
pear. The harmonics and subharmonics appear spontaneously, within 
a few cycles generally, and represent the only mode of steady-state 
behavior for the circuit. That is, the circuit can respond only in ac¬ 
cordance with the curves of Figs. 8-6(a) and 8*6 (b) y whether the sys¬ 
tem voltage is raised gradually or whether the system is suddenly 
energized. 


8*7 MATHEMATICAL DISCUSSION 

In the equivalent circuit of Fig. 8-25, the per-unit current is (base 
current = 1 /L m ) through the switch following the closing of it at an 
initial angle 0 after a positive voltage crest (assumed to be unity) is 


where 


A x = 


isi — A i sin ( t + 0i) + B x sin fact + <f> i) + D x [8*4] 


X m W - 1) ' 


X '( uc 2 ~ 1 ) 


X m (coo 2 - UC 2 ) / t ' 2 , -5-J- 

#1 ” ^- 77, - 7 V8m d l + C0S 

A,0>c (.1 — 0>C ) 


Di = — 


X m a>o 2 sin 6i 

*,<oc 2 
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X c (X m + X L ) 
X m X L 


, the circuit natural frequency in per-unit 
with switch S open 


< i)c 


J x c (X, 


Xm + X.Xl + X m X L ) 


x m x L x. 


the circuit natural fre¬ 
quency in per-unit with 
the switch S closed 
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sm u\ 

sin *1 = '" = ' : T Z 2 : 't' 

V sin 2 $i + c*c cos 2 Bx 

<*>c cos d\ 

COS <t> 1 = / . o 2 2 /> 

V sin 2 0i + <*>c cos 2 0i 

The current i flowing into the equivalent transformer is 

i e i = Ax sin (t + Bx) + B\ sin (a>ct + ^i) 4" D\ [8*5j 

where 

*■-(•+£)* 

Dx — sin Bx + ^1 + — ^ Dx 

The voltage across the capacitor is 

e cl = cos (t + Bx) + Gx cos (o> c t + 4>i) [8*6] 

where 

(co 0 2 - 1) 

1 (O.C 2 - 1) 

(coo 2 — “C 2 ) / . 2 - - -- 2 - YT 

Gi = -— V sirr 0, + <j>c cos 

a>c(l — &C) 

Interrupting the current is, the voltage across the capacitor is 
6qx = cos (t + Bx') 4” H i sin coo t 4“ J\ cos (<*>o t 4” <*i) 4~ Kx cos (<oq 1 4" fix) 
— cos (t 4~ Bx') 4~ M i cos (a>o^ 4“ 2) [8*7] 

where 

(coq 2 — co(7 2 )o>o sin Bx 
Hi =- 2 - 

0)C 

Jx = - - Vsin 2 Bx + o)c 2 cos 2 Bx Vcoc 2 cos 2 4- co 0 2 sin 2 

o>c Z (l - 0>c ) 

(coo 2 - co C 2 ) ,- —— -- —— 

Kx =--- V cos 2 Bx 4- coo 2 sin 2 Bx 

(coc 2 - 1) 

6x = coc<ci + <£i j/ cl is the interval of time in radians during which 
Bx — tci 4- Bx J the switch was closed 
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sin = 


cos = 


^1 / 2/»/i 0*2/1/ 

V cos 2 0i + w 0 z sm 2 0i 
cos 0i' 

\/cos 2 0i' + w 0 2 sin 2 61 
The current i becomes 
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co 0 sin 0i' 


COS 01 
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Closing the switch at the next instant when 
critical value 


[8-8] 

the current i reaches the 


is2 — Ai sin (t + 02) + B2 sin (coct + <j> 2) + D2 

+ Mi$ 2 sin (w ct + 1A2) + W2M1 [8*9] 

Ai defined in equation [8 *4], 
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B 2 = ——5--5- v sin 2 82 + G>c cos 2 82 
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Sin 4*2 ** — >—r j. ■ ... , = 

V U ) 0 2 sin 3 A 2 + wc 2 cos 2 A a 



EFFECT OF TRANSFORMER LOCATION 


215 


COS ^2 = 


0)C COS A2 

\/a>o 2 sin 2 A 2 + «c 2 cos 2 A 2 

A 2 = angle of co 0 frequency voltage past positive voltage crest when 
switch is closed 

X m u)Q sin A 2 

W 2 = - - n - 

A>c 2 

jThe voltage across the capacitor is 

X 8 dis2 

C c2 ~ - 

X m dt 


and the current i C 2 into the equivalent transformer is of the form of 
equation [8 * 5].- 

At the time of interruption, the current i 02 takes the form of equation 
[8-8] subject to the new boundary conditions. The voltage e 0 2 takes 
the form of equation [8-7] also subject to the new boundary conditions. 

This procedure can go on for as long as desired, each time imposing 
the new boundary conditions. It can readily be seen that these succes¬ 
sive boundary conditions will not in general be the same for adjacent 
cycles of fundamental frequency. That is Oi + w 9 ^ d 2 , 0 2 + x 9 * 0 3 , 
• • * 0 n + 7r 9 * 0 n + 1 . Ultimately, however, 0 n + ax = 0 n+a and a defi¬ 
nite sub-harmonic frequency will appear. Furthermore, the voltage 
oscillation across the capacitor will be of fundamental frequency plus a 
natural-frequency oscillation which is predominantly that defined as o> 0 , 
the natural frequency of the system with the switch open. This is 
brought about by the fact that the switch S is closed in general only a 
short fraction of a fundamental-frequency period and that period is 
generally in the vicinity of fundamental-frequency voltage zero. There¬ 
fore it is to be expected that, when circuit losses are low, the natural 
frequency of the circuit with the switch open and subharmonics will 
appear in the voltage across the capacitor in the circuit of Fig. 8-25. 


8*8 CALCULATION OF CONDITIONS FOR INFINITE IMPEDANCE TO 
HARMONICS—EFFECT OF TRANSFORMER LOCATION 

Viewed from the receiving end, the system of Fig. 8*3 or Fig. 8-4 
neglecting losses offers an impedance 


a )L $ cos a>ZV LC + 


Zr 


. — sin uVZd 

\i a 


wW LG - a >L, ^ sin o>iVlc 


COS 


[ 8 - 10 ] 
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where L = inductance per mile in henries. 

C = capacitance per mile in farads. 

L 9 = source inductance in henries. 

w = 2irf. 

I = length of line in miles. 

In the transient analyzer artificial line 

L = 0.002 henry per mile 


C = 0.016 microfarad per mile 
For Z r = «), the criterion is 


cos 


olVIc - oiL, sin uVlc = o 


or, rewriting, 


Z r = oo when tan o>2 VTc =- A /— 

o)L 8 yjc 


[ 8 - 11 ] 


[ 8 * 12 ] 


This equation was used with the above numerical constants for plot¬ 
ting the curves relating source reactance and miles of line to give infinite 
impedance in Fig. 8*26. 

For Z r = 0, the criterion is 


u)L a cos a jiVLC + sin u iVlc = o 


[8 13] 


or, rewriting, 


Z r — 0 when 


tan wV\/LC — —uL 9 



[8-14] 


This equation was used with the above numerical constants for 
plotting the curves relating source reactance and miles of line to give 
zero impedance in Fig. 8 * 26. 

It can also be shown that the relationship between source reactance 
o*L 9 and line length to give infinite impedance is independent of the 
point considered along the line. If l is the total length of line considered, 
and d is the distance between the sending end and the point from which 
the impedance is to be determined, then 
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rr a>L, cos ajdVLC+^^ sin wdVLcl 

-j^ cot w(l-d)VLC j - -0- -— 

cos tod's/ ~ LC — oiL , ./— sin utd^/LD 


rj^ ldL, cos oids/ LC+ sin oid"s/Zc 

cot u>(l-d)X /r LC+j - 0 - 

cos aid's/ LC—oiL, „ — sin oidVLC 

L \L J 


-V 

fcot oi(Z-d)\/Zcj^ 

a ) L 8 cos u>d\/LC + ^ 

— sin ojdV^ZcJ 


/- cot 0 o(l-d)VZc 
c l 

cos cudA/Zc— ojL« 

— sin oid\/Zc 

Jl J 


+ wL, cos c od\^LC + sin 01 ds/Zc [8 -15] 

Z = oo when the denominator of equation [8 15] is zero. Rewriting 
this denominator 

- cot „(l-d)VZc-co. cjdVTc 

+ o)L a cot o)(l — d) VTC-sin codVLC 

+ wL, cos cix2\^ LC + sin codVLC 
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\ (7 tan ad v LC — tan wdv LC 
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- ^cosc odVLC- ^ 


cos axZVCL tan <d\/lJc tan wdVLC 

r 

+ 01 L, sin cod's /LC + 01 L, sin oid.'s/LC tan oil 's/lC tan cod's /LC 
+ coL, cos cod's/ LC tan oil’s/LC — co L, cos cod's/ LC tan cod's/LC 


+ 


Vc 81 


sin udVLC tan coZVTc — A /— sin axi VLC tan axZVLC = 0 
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wL a [sin o)d\^LC + sin corfVLC tan a>Z V / LC tan a xZVlC 

+ cos c ody/LC tan wZVlC — cos c od^/LC tan wdVTc ] 

= [cos ojd\^LC + cos ud\^LC tan o>Z\/Zc tan cod\^LC 
— sin udVLC tan coZVZc 

+ sin codV^LC tan oxZx/Zc ]ajL a tan o?Z VTc [sin a>d VTc tan ojcZVTc 
+ cos «dVZ/<7 ] = [cos cocZV^LC + sin oxZV^LC tan coeZV^LC ] 


and finally 


tan u)l\^LC 


--L £ 

uL 8 Vc 


which is identical with equation [8 -12], which was to be proved. 

Similarly it can be shown that the condition for Z = 0 as given by 
equation [8 • 13] holds for any location along the line. 


8*9 EFFECT OF CORONA LOSS 

In a high-voltage system it is to be expected that corona loss on the 
overhead line would serve to reduce greatly the overvoltages otherwise 
obtained in accordance with the foregoing procedure and analysis. 
One attempt to evaluate the effect of corona loss was made in a specific 
case, the one-line circuit diagram for which is shown in Fig. 8*27. 

In this particular case it is to be noticed that the most likely con¬ 
dition of overvoltage and therefore the one requiring most careful con¬ 
sideration from the point of view of this chapter is that occurring when 
full load is suddenly dropped by the opening of the 230-kv breaker 
at the load end. The system data are as follows: 
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1. Generator. 

66,700 kva, 13,800 volts, 0.9 p.f. 

X d ' - 0.25. 

X d -0.90. 

Xi -0.18. 

2. Voltages held before disturbance occurs. 

Sending end: 13.8 kv at generator terminals. 

Receiving end: 211 kv when generator is operating at rated load. 

3. Transmission line. 

Line resistance (positive-sequence): 0.12 ohm/mile. 

Line reactance (positive-sequence): 0.76 ohm/mile. 

Line capacitance (positive-sequence): 0.015 A*f/mile. 

4. Voltage regulator. 

Voltage regulated at water-wheel generator terminals. 

5. Over speed characteristics. 

Increases linearly with time reaching maximum of 130 per cent in 3.5 seconds. 

6. Sending-end transformers. 

Three 22,250 kva single-phase deltar or wye- connected with grounded neutral. 
132 

Turn ratio: —— - 10.0. 

13.2 

230 

Transformation ratio: — — 17.4. 

13.2 


Exciting current: 2.06 per cent at 100 per cent voltage. 

7. Cable capacitance : 0.517 M f — C\ — Co- 

8. Time constants. 

Open-circuit time constant, Tdo' — 6 seconds. 

Time constant with transmission line in, 


Td 


X d f + X e , _ 0.25 - 1.45 
X d + X e M 0.90 - 1.45 
2.187do' — 13.1 seconds. 


Subtransient time constant, T d " - 0.2 second, where X € is the positive- 
sequence capacitive reactance of the transmission line. 


Transformer 

13.8 kv§ £ 121.7 miles 


1000 ft cable 


Switel 


n 

Sending 

end 


230 kv line 




Load 


Fig. 8*27. System analyzed for effect of corona loss. 


For full load at 0.9 power factor, E d ' = 1.13 and E d = 1.61. If cer¬ 
tain reasonable assumptions are made concerning the regulator-exciter 
characteristic, then with no line or transformer in, the terminal volt- 
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age due to suddenly dropping load is given with sufficient accuracy, 
neglecting subtransient effects, saturation, and corona, by 


_n T be-° 167t - 0.167.-“! 

E t = 1.13 + 0.48(1 - e -° A67t ) -K 1 +- 

L 0.167 - b J 


[8-16] 


neglecting overspeeding. If overspeeding is included, then 


E, = (1 + 0.0856<) [l.l3 + 0.48(1 - e -0167 ') 

b( -0.167t _ o.lG7e _w 


- K (l + 


0.167 - b 


)] 


[8-17] 


up to t = 3.5 seconds, neglecting subtransient effects. For this specific 
case, the regulator and exciter characteristics were such that values of 
K = 2 and b = 0.66 were reasonable so that the regulator restored 
normal voltage at the machine terminals at t = 3.5 seconds when a 
maximum overspeed of 1.22 times normal was reached under the fore¬ 
going assumptions. This is shown in Fig. 8-28, with and without over¬ 
speed, curves 1 and 2, respectively. 

With this regulator characteristic, and the line in, the expression 
for receiving-end voltage E n can be shown to be 


E r = (1 + 0.08560[—0.87 - O.lle^ + 2.89c"™ 763 * - 0.587c"™ 6 *] 

[8*18] 

This neglects certain second-order effects which are expected to be 
insignificant. This expression is shown plotted in Fig. 8-28 also 
(curve 3). Voltages at the sending end and at the transformer end 
are also shown (curves 4 and 5, respectively). Voltage at the far end 
is seen to reach 1.7 times normal or 408 kv rms line-to-line, which 
would be impressed on the cable. 

These calculations show that the sending-end transformer is greatly 
overexcited under such overspeeding and overvoltage conditions. 
Thus, it is to be expected that these overvoltages will be affected by 
the saturation of the sending-end transformer in accordance with the 
foregoing theory which pointed out that it made no difference where 
the transformer is located along the line. The cable capacitance makes 
the effective length of line relatively long, and, since the source react¬ 
ance is relatively high (312 ohms referred to 230-kv terminals), the 
system is in the susceptible region of Fig. 8*8. The system, when 
studied on the transient analyzer, neglecting corona losses entirely, 
produced overvoltages in accordance with the foregoing theory of 2.8 
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per-unit or 670 kv line-to-line under the assumed condition of drop¬ 
ping load. 
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Fio. 8*28. Overvoltages caused by suddenly dropping load, 230-kv line. Curve 1, 
without line but with overspeed, voltage at generator terminals; curve 2, without 
line and no overspeed, voltage at generator terminals; curve 3, with line and over- 
speed, voltage at receiver end of line; curve 4, with line and overspeed, voltage at 
sending end; curve 5, with line and overspeed, voltage at generator terminals; 
curve 6, with line and overspeed, including effects of corona and transformer satu¬ 
ration, voltage at receiving end. 


Obviously corona losses would limit such overvoltages. In order to 
evaluate the extent of such limitation, the following expression for 
corona loss was used to determine the equivalent shunt resistance to 
put in the miniature system to simulate corona loss. 16 
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L. /JjJ _ Jg \ 2 

P = 390(85) A /-(— — ° ) kw/mile/conductor [8-19] 
\ S \ lu / 

Here 

r = 0.504 inches (ACSR, 795,000 cm) 
a = 29 feet = 348 inches 

and 

P = 0.01265(2? - E 0 ) 2 [8*20] 



Fig. 8-29. Effect of corona loss. Intersections of corona loss curve with voltage- 
shunt resistance curves are the resultant per-unit voltages for the values of Ed ' 
associated with each curve. Thus, the voltage to ground at the receiver end does 
not vary greatly with EJ until EJ is reduced considerably. 
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The critical disruptive voltage is E 0 = 176 kv effective volts to neutral' 
for the conductor in this case. Consequently 

P = 0.01265(2? - 176) 2 [8-21] 

The shunt resistance corresponding to this loss as a function of E in 
per-unit is shown in Fig. 8*29. Also shown in this figure are the per- 
unit voltages obtained in the miniature system with E d ' = constant 
but varying shunt resistance. The intersections of these latter curves 
with the corona-loss curve (from equation 8*21) are the equilibrium 
points due to the combined effects of saturation and corona. From 
these intersections, and with a knowledge of the machine and exciter- 
regulator characteristics, it becomes possible to interpolate with satis¬ 
factory accuracy and arrive at the resultant voltage-time curve, in¬ 
cluding both transformer saturation and corona loss. This desired 
curve is shown in Fig. 8-28 also (curve 6). The effect of sending-end 
transformer saturation when corona is considered in this way is to 
increase the maximum voltage only slightly (from 1.7 to 1.75), but 
the time duration of the overvoltage is considerably increased since 
this voltage is relatively insensitive to the excitation voltage E d until 
it has been greatly reduced. Thus, for the case cited, it appears that 
the overvoltage of about 1.7 is expected to last at approximately a 
constant value for about four seconds. 

In conclusion, it appears therefore that overvoltages due to drop¬ 
ping load should be considered in selecting proper arresters and that 
consideration should be given to the possibility of relaying long lines 
in such a way that unloaded transformers are not left even momentar¬ 
ily to be energized through long transmission lines. 
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9 OVERVOLTAGES CAUSED 
BY OPEN CONDUCTORS 

9*1 INTRODUCTION 

It has been recognized for some time that in three-phase circuits 
high voltages may cause damage to equipment after the blowing of a 
fuse or the non-simultaneous opening or closing of switch contacts. 
Motors on such circuits may reverse their direction of rotation. The 
phenomena may be accompanied by overvoltages. Failures of light¬ 
ning arresters under system conditions involving blowing of fuses or 
the opening of switches appear to have occurred because of high sus¬ 
tained overvoltages above the arrester ratings. The energizing of sys¬ 
tem neutral grounding transformers one phase at a time has been 
known to cause arrester failure and damage to the transformer. In¬ 
stances of the breakage of a line conductor with resulting abnormal 
voltages have been noted. The dangers of using fuses and single-pole 
disconnecting switches under certain conditions have been pointed 
out from time to time in the literature. 

The problem of determining the conditions under which open con¬ 
ductors in general may give rise to further system troubles is of sig¬ 
nificance to the system operators, designers, and the manufacturers of 
electrical apparatus. Interpreting this reference to open conductors 
broadly, one may include also any type of switching device, such as 
single-pole disconnecting switches, oil circuit reclosers, horn gap 
switches, oil circuit breakers, etc. The interval of time between the 
closing or opening of the first and last phases may vary widely, de¬ 
pending on the type of switching device and also on the circuit being 
energized or de-energized. For example, in fuse operations, one 
phase or two phases may be open for a relatively long time. On 
the other hand, in an oil circuit breaker, the interval of time during 
which one contact would be closed and two opened, for example, would 

22 3 
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be very short. The time required for the transition to the condition of 
sustained voltage depends on the circuit constants and the character- 


b 




Fig. 9-1. (a) Basic circuit which may produce overvoltages with one open conductor. 
Generator impedance assumed negligible. Co is zero sequence capacitance. X m is 
magnetizing reactance of the unloaded transformer bank. (6) Vector diagram, (c) 

Equivalent circuit. 


istics of the interrupting device. It may vary from a few cycles to a 
relatively long period of several seconds. The phenomena under dis¬ 
cussion in this chapter may be associated with any interrupting device 
that has characteristics such that the interval of time between the 
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f 

opening or closing of the first and last phases is of sufficient length 
to permit the ultimate steady-state voltage conditions to he attained. 

9-2 ONE OPEN CONDUCTOR-BASIC CIRCUIT 

The simplest form of circuit that may produce phase reversal and 
overvoltage as a consequence of opening one conductor is shown in 
Fig. 9*1 (a). The phenomena may be described briefly as follows. 

In this circuit there is a path for currents from the closed conductors 
b and c through the magnetizing impedance X m of the ungrounded 
neutral unloaded transformer bank and the capacitance C 0 in the open 
phase a to ground. If C 0 is small so that Xco is large as compared to 
X m , then F 0 , the voltage to ground at a, is small. If Xco and X m are 
of the same order of magnitude, then a series resonant condition is 
approached and overvoltages will exist. 

The vector diagram of Fig. 9-1(6) shows clearly the relationship 
existing among the phase voltages-to-ground, F 0 , V bf and V 0 . Before 
the conductor is opened, the voltages are balanced as indicated by the 
solid-line vectors. If C 0 is 0, so that X^ is infinite, and the conductor 
is opened, the voltage on phase a moves along the indicated locus to 
the left to the position F 0 . The terminus of F 0 is on a straight line 
joining the termini of V b and F c , which remain fixed in position. It 
is to be noted that, whereas the original phase sequence was abc } it is 
now changed to bac. The magnitude of V a is half of what it was be¬ 
fore the conductor was opened. 

By means of Thevenin’s theorem it is possible to replace the entire 
system of Fig. 9*1 (a) by an internal voltage — y 2 E a f and the value of 
impedance looking in at terminal a. This simple equivalent circuit 
is shown in Fig. 9-1(c). The voltage across the capacitor C 0 is now 
the voltage V a that is of interest in Figs. 9*1 (a) and (6). From this 



E , 

* 3 - 2(Xco/X m ) 


[9-1] 


and it is evident that F« moves further to the left along the locus indi¬ 
cated in Fig. 9* 1(6) as Xeo/X m decreases. Thus F„ increases negatively 
as Xco/X m decreases. For the particular value of X e o/X m = 2, F a = 
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— 2 Ed and it is to be noted that balanced line-to-line voltages with 
reversed phase rotation are obtained. If X c0 /X m is further decreased, 
then V a increases to greater negative values and, at the particular value 
of X c0 /X m = %, V a is infinite in magnitude. A further decrease in 



Fig. 9 • 2. (a) Basic circuit that may produce overvoltages with two open conductors. 
Co is zero sequence capacitance. X m is magnetizing reactance of the unloaded 
transformer bank. ( b) Vector diagram. ( c) Equivalent circuit. 

X c o/X m makes V a positive and large in magnitude. As the ratio ap¬ 
proaches unity, V a approaches its original value of E a \ It is only of 
academic interest to point out that, when X c0 /Xm = 1.0, V a is equal 
to E a \ since any losses in the system would alter this situation. The 
effects of saturation of X m have been completely ignored also in out¬ 
lining these basic phenomena. 
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9*3 TWO OPEN CONDUCTORS-BASIC CIRCUIT 

The simplest form of circuit that may produce overvoltages as a 
consequence of opening two conductors is shown in Fig. 9 -2(a). This 
circuit will not produce phase reversal. The phenomena may be de¬ 
scribed briefly as follows. In this circuit there is a path for current to 
flow from the unopened phase a through the magnetizing reactances of 
the transformer and thence to ground through zero-sequence capacitance. 
The paths are identical for phases b and c; consequently Vb and V c are 
equal. If b and c are opened and there is no zero-sequence capacitance 
C 0 , then Vb = V c = V a = Ed . Again from Th&venin’s theorem, the 
equivalent circuit can be obtained as shown in Fig. 9-2(c). The magni¬ 
tude of Vb and V c as a function of X c0 /X m is 


V b = v c = E a ’ — 

= EJ 


-jX e o/2 


fiXm - j(Xc o/2) 
X c0 


x c0 - 3X„ 


Ea 9 ' 


Xco/Xrn 
X c0 /X m ~ 3 


[9-2] 


From this equation, as X c0 /X m is decreased from infinity, Vb = V c in¬ 
creases positively reaching a value of infinity when X c0 /X m = 3. 
Further decrease of X c0 /X m causes Vb = V c to acquire large negative 
values which decrease in magnitude as X c0 /X m is further decreased. 

It is to be noted that if C\ C 0 , then the only change in either 
Fig. 9* 1(c) or 9-2(c) is to add a capacitance of %{C\ — C 0 ) in parallel 
with 


9-4 TRANSIENT ANALYZER RESULTS 

Although the foregoing analysis is very helpful in acquiring a clear 
physical picture of the basic phenomena involved, it is limited in its 
usefulness so far as the more general phenomena are concerned, in¬ 
cluding effects of losses, saturation, C i ^ C 0 , faults, neutral imped¬ 
ance, source impedance, transformer connections, and other factors. 
In order to evaluate the effects of a number of these factors on the 
basic phenomena, the transient analyzer was used. The more general 
circuit studied is shown in Fig. 9*3. 

Since the highest voltages are apt to occur with the unloaded or 
lightly loaded transformer bank, the study of this circuit was limited 
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to the unloaded condition. Voltage conditions were obtained with 
transformer banks made up of three single-phase units and with 
three-phase transformers of the shell type and core type, the wind¬ 
ings on the line side and also the secondaries being connected alter¬ 
nately in delta and wye for each case. 

It was assumed that the three-phase system is large relative to the 
kilovolt-ampere rating of the transformer bank in Fig. 9*3, and there- 



sl~ 

Transformer 

bank 


Fig. 9 *3. System studied, (a) One-line diagram. (6) Miniature-system equivalent 

circuit. 


fore it can be represented by an equivalent generator with balanced 
line-to-line voltages and negligible positive- and negative-sequence 
impedances. If the system is grounded, the equivalent generator will 
also have balanced line-to-ground voltages and its zero-sequence im¬ 
pedance will be negligible. 

In the three-phase diagram of Fig. 9*3 (b) the impedance of the 
sine-wave generator is very low relative to the exciting reactance of 
the unloaded transformer bank and the line capacitive reactances used, 
so that balanced line-to-line voltages are applied to the circuit at 
a'b'd under all conditions. The system becomes a grounded one with 
balanced line-to-ground voltages when switch S N is closed. Resistance 
and reactance are neglected in the transmission circuit since they are 
insignificant relative to the capacitive reactances for the lengths of 
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line under discussion. C x and CV represent the positive- and zero- 
sequence capacitances, respectively, on the system side of the fuses or 
single-pole switches; C x and C 0 , the positive- and zero-sequence ca¬ 
pacitances of the circuit supplying the ungrounded unloaded trans¬ 
former bank on the transformer side, which in Fig. 9*3(6) is shown as 
wye connected on the line side and delta connected on the load side. 



0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 

Times normal exciting current (rms values) 


Fig. 9*4. Transformer saturation curves used in making calculations and in the 
miniature system. Curve 1, miniature-system single-phase transformers, 135 rms 
volts normal, 1,185 ohms normal magnetizing impedance; curve 2, assumed curve 
having more saturation than curve 1, used in making calculations to determine the 
effect of this factor; curve 3, miniature-system three-phase core-type transformer, 
158 rms volts line-to-line normal wye, 840 ohms per phase normal magnetizing 
impedance; curve 4, miniature-system three-phase shell-type transformer, 144 rms 
volts line-to-line normal wye, 520 ohms per phase normal magnetizing impedance; 
curve 5, miniature-system special transformers 110 rms volts normal, 13,000 ohms 
normal magnetizing impedance, single-phase transformers. 


In obtaining the results herein summarized, the miniature-system 
transformers were operated at normal flux densities corresponding to 
normal line-to-neutral voltage of unity on all the saturation curves of 
Fig. 9*4, except for curve 2 which is an assumed curve used in making 
calculations as noted on certain curves shown hereafter. All satura¬ 
tion curves give the values of the applied sinusoidal rms voltage and 
the exciting rms current in terms of normal voltage and normal excit¬ 
ing current, respectively. 
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A summary of cases studied follows. 

I. Power source grounded—load transformers ungrounded. 

A. One phase open—no fault 

1. Single-phase load transformers. 

a. Delta-connected on line side, wye- or delta-connected on load side. 

b. Wye-connected on line side, delta-connected on load side. 

c. Wye-connected on lme side, wye-connected on load side. 

2. Three-phase load transformers 

а. Delta-connected on line side, wye-connected on load side. 

1. Core type. 

2. Shell type. 

б. Wye-connected on line side, delta-connected on load side. 

1 Core type 

2. Shell type 

B. Two phases open—no fault 
Same as for A. 

II. Power source ungrounded—load transformers ungrounded 

A. One phase open—no fault 

1. Single-phase load transformers. 

a. Delta-connected on lme side, wye- or delta-connected on load side 

B. One conductor open—lme-to-ground fault on system side of open con¬ 
ductor. 

1. Smgle-phase load transformers 

a. Delta-connected on line side, wye- or delta-connected on load side 

b. Wye-connected on lme side, delta-connected on load side. 

c. Wye-connected on lme side, wye-connected on load side. 

C. One conductor open—lme-to-ground fault on load side of open conductor 
1. Smgle-phase transformers 

a. Delta-connected on lme side, wye- or delta-connected on load side. 

The results of the miniature-system tests for these cases are shown 
in Figs. 9*5 to 9*13. For the solidly grounded system, data were ob¬ 
tained for Ci = Co and C i = 2C 0 . Throughout the following dis¬ 
cussion, X m is the magnetizing reactance to neutral of the transformer 
bank on the load side of the open conductor at normal voltage. In 
more general terms, it is the equivalent magnetizing reactance of the 
total transformer kilovolt-ampere capacity on the load side of the fuse 
or single-pole switch location. Thus the single-load transformer of 
Fig. 9-3(6) may be considered the equivalent of several smaller trans¬ 
formers all on the load side of the open conductor. Likewise the posi¬ 
tive- and zero-sequence capacitive reactances, X 0l and X <*>, respec¬ 
tively, should be interpreted in a more general manner to correspond 
to total positive- and zero-sequence capacitances C\ and C 0 on the load 
side of the open conductor. Thus the results assume much broader 
significance and are made much more widely applicable. 
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I Source grounded 
A One phase open—no fault 
1 Single-phase transformers 

a Delta-connected on line side wye- or delta-connected on load side 
The curves of Fig 9 5(a) give the steady-state maximum peak 
voltage of the open conductor on the transformer side of the open¬ 
ing in terms of normal line-to-neutral peak voltage with the trans¬ 
former bank delta-connected on the line side, and wye- or delta- 
connected on the load side as a function of X 0l /X m for C 0 — C x 
Curves 1 and 2 are calculated by methods to be given later m this 
chapter Curve 1 gives calculated voltages using saturation curve 
1 of Fig 9 4, which corresponds to the saturation of the miniature- 
system tiansformers used Points obtained by test on the minia¬ 
ture system are indicated The general shape of calculated and 
test curves is the same, although calculated voltages are higher ex¬ 
cept for large ratios of X cl /X m where both calculated and test 
voltages are less than normal 

This case is the one discussed m detail m Section 9 2 and the 
dashed curve 3 of Fig 9 5(a) is obtained from equation [9 1] 

It is seen that, when saturation is included, V a is not a single- 
valued function of X cl /X m for the range of X cl /X m <15 In this 
range three possible values of V a exist two of which were obtained 
m the miniature system quite consistently the larger negative 
value and the smaller of the two positive values shown on the 
curves All three values were obtained for very low values of 
X cl /X m of about 0 2 Figure 9 6 shows oscillograms of the volt¬ 
ages and currents for the three possible stable conditions, any one 
of which may occur depending on the instant the switch is opened 
With the switch opened at random a number of times, the high 
negative voltage or the low positive voltage occurred more often 
than the medium positive voltage 

Figure 9 5(6) is similar to Fig 9 5(a) except that C x — 2C 0 
b Wye-connected on line side delta-connected on load side 
c Wye-connected on line side wye-connected on load side 

Pigure 9 5(c) for C ± = C 0 and Fig 9 5(d) for C 1 —2C Qf with 
the transformers wye-connected on the line side and delta- or wye- 
connected on the load side are similar to Figs 9 5(a) and (6) 
Values obtained from the miniature system for C 1 — C 0 and a 
wye-delta connection do not differ materially from those for the 
transformer delta-connected on the line side except that only two 
of the stable voltage conditions indicated by calculation for values 
of X cl /X m in the neighborhood of 1 and below were obtained m 
test Figure 9 7 shows oscillograms of the voltages for the two 
stable conditions obtained at X cl /X m = 0 15 with C t = C 0 No 
mmiature-system results were obtained for the case of C t = 2 C 0 
It should be pointed out that curves 3 on Figs 9 5(a) and (c) can 
be calculated from equation [9 1] Curves 3 on Figs 9*5(6) and 
(c) can be calculated by modify mg equation [9 1] so as to mclude 
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Fig. 9 -5(a). Steady-state maximum voltages on open phase with one conductor open. 
No fault on system. Power source solidly grounded. C\ = Co, transformers delta- 
connected on line side and delta- or wye-connected on load side; curve 1, saturation 
curve l, Fig. 9-4; curve 2, saturation curve 2, Fig. 9-4; curve 3, no saturation. 
O, test points, miniature system with saturation curve 1, Fig. 9 • 4. 
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X cL /X m 


Fig. 9-5(6). Steady-state maximum voltages on open phase with one conductor open. 
No fault on system. Power source solidly grounded. Ci = 2Co, transformers delta- 
connected on line side and delta- or wye-connected on load side; curve 1, saturation 
curve 1, Fig. 9-4; curve 2, saturation curve 2, Fig. 9-4; curve 3, no saturation. 
O, test points, miniature system with saturation curve 1, Fig. 9*4. 

234 
















muSSSSm^SMSSmmm^^mS 

HHHHIII1IIIIMHHMIIIIIIIIIIIHIHHIHIIIIIIIII 

■liHlilllllllllli»aailllllllllllBBB!!8ii!!!!i!! 


IBs! 


Mill!!! 


■■iSiiti 


[■■ ■■miiniM 

■■■■iuhiii! 


giiiiiiniiy 

_KiiiiiiiihH 

llllHHHailllllllH 


■MRHMMBIIIIIliRlii 

■■■■■■■■■■iiiiiiiiiil 


ihihii 

iiriaiii 


mi mi 

IIIIM 


l■■■llllllli!|l 

■■iiiiiiiih 
■■■■■1111111111 


iliiiiiiimEHiiiiiiii mi 


2.0 5.0 

X cl /X m 


■■HMMMMiiii 

iiiiiiMmiiiiiiiiiii 


■■111111111111 


Fig. 9 * 5(c). Steady-state maximum voltages on open phase with one conductor open. 
No fault on system. Power source solidly grounded. C\ Co, transformers wye- 
connected on line side, wye- and delta-connected on load side. Curve 1, saturation 
curve 1, Fig. 9-4 (a) wye-wye, (6) wye-delta; curve 2, saturation curve 2, Fig. 9-4, 
wye-wye; curve 3, no saturation; curve 4, neutral displacement voltage, saturation 
curve 1, Fig. 2, connection wye-wye; curve 5, neutral displacement voltage, no 
saturation, o, test points, miniature system with saturation curve 1, Fig. 9*4. 
i Connection wye-delta. 
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Fig. 9-5(d). Calculated steady-state maximum voltages on open phase with one 
conductor open. No fault on system. Power source solidly grounded. Ci — 2Co, 
transformers wye-connected on line side and delta-connected on load side; curve 1, 
saturation curve 1, Fig. 9-4; curve 2, saturation curve 2, Fig. 9*4; curve 3, no satu¬ 
ration; curve 4, neutral displacement voltage, saturation curve 1, Fig. 9*4. 










Fig. 9*6. Representative oscillograms, delta-connected load transformer; Co C 1 , 

135 volts line-to-line; X c \fX m — 0.212. Calibrations: current, times normal crest 
transformer exciting current; voltage, times normal line-to-neutral crest voltage. 
Low-, medium-, and high-voltage conditions can be identified by referring to Fig. 
9-5(a) at X cl /X m = 0.212. 
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Fig. 9-7. Representative oscillograms, wye-connected load transformer; Co ** C\\ 
120 volts line-to-line; X c \/X m *= 0.15. Calibration: times normal line-to-neutral 
crest voltage. Low- and high-voltage conditions can be identified by referring to 
Fig. 9 *5(c) at X c \/X m = 0.15. 
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%(C 1 _ C 0 ) in parallel with %X m in the equivalent circuit of Fig. 
9* 1(c) as was pointed out in Section 9-3. 

2. Three-phase transformers. 

a. Delta-connected on the line side, wye-connected on the load side. 
Figure 9-8(a) gives miniature-system values of the voltage to 
ground Of the open phase for both core-type and shell-type trans¬ 
formers, delta-connected on the line side and wye-connected on the 


















' 














1 




















































































































m 

■ 















1 




















■ 

■ 















1 




















■ 

■ 







mm 








1 





















9 






m 









1 





















I 


































■ 


■ 




































■ 






■ 


° 




























■ 






■ 


~y 

□ 




























■ 






1 

8* ■ 








1 





















■ 






S 









1 



















m 


■ 






■ 









1 





















■ 






■ 









II 



















0.1 0.5 1.0 2.0 5.0 10.0 20.0 100 

*ci/X m 


Fig. 9-8(a). Steady-state voltages on open phase with one conductor open; no 
fault on system; power source grounded; Ci = Co; three-phase load transformer 
connected line delta, load wye, ungrounded. Normal line-to-line voltage — 91 volts 
for core-type, 83 volts for shell-type, x, shell-type; middle leg unopened. +, 
shell-type; end leg unopened. O, core-type; middle leg unopened. □, core-type; 

end leg unopened. 


load side with saturation curves 3 and 4 of Fig. 9-4 with C x = C 0 . 
Calculated values of voltage for saturation curves 3 and 4 of Fig. 
9*4 are not given, but they would not differ materially from those 
for saturation curve 1 of Fig. 9*4 given by curve 1 of Fig. 9-5(a). 
In general, the curves of Fig. 9*8(a) agree with those of Fig. 
9*5(a), except that the medium voltage of the three calculated 
voltage conditions, indicated by calculations for values of x ol /x n 
in the neighborhood of 1 and below, does not appear. Instead, for 
X c \/X m lower than 0.7, higher voltages than indicated by calcula¬ 
tions appear in some cases, giving three stable voltage conditions. 
These high voltages have pronounced subharmonics and therefore 
could not be predicted by the methods used. However, they are 
but little higher than the calculated voltages of curve 1, Fig. 9*5(a). 
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Fia. 9*8(6). Steady-state voltages on open phase with one conductor open; no 
fault on system; power source grounded; C\ «« Co) three-phase load transformer 
connected line wye, load delta, ungrounded. Normal line-to-line voltage = 79 volts 
for core-type, 72 volts for shell-type. O, core-type; middle leg opened. □, core-type; 
end leg opened, x, shell-type; middle leg opened, -f, shell-type; end leg opened. 
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Fia. 9* 8(c). Steady-state voltages on open phase with one conductor open; no fault 
on system; power source grounded; C\ — 2Co; three-phase load transformer connected 
line wye, load delta, ungrounded. Normal line-to-line voltage == 79 volts for core 
type. O, core-type; middle leg opened. □, core-type; end leg opened. 
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6. Wye-connected on line side, delta-connected on load side. Figs. 
9*8(6) for C x = C 0 and 9-8(c) for C t = 2C 0 are similar to Fig. 
9-8(a) and serve to indicate that the transformer connections have 
little effect on the phenomena. 



Fig. 9-9. Steady-state voltages on open phase with two conductors open. No 
fault on system. Power source solidly grounded. Curve 1, calculated using curve 1, 
Fig. 9 *4 for Ci = Co and transformers delta-connected on line side and wye-connected 
on load side. Curve 2, same but Ci = 2Co. Test points as follows, miniature 
system using saturation curve 1, Fig. 9-4, single-phase transformers: •, Ci ■» Co, 
transformers delta line, wye load; o, Ci = 2Co, transformers delta line, wye load; 
X, Ci = Co, transformers wye line, wye or delta load; <8>, Ci = 2Co, transformers 
wye line, wye or delta load. 

B . Two phases open—no fault. 

Although numerous factors were investigated in connection with this 
condition as outlined in the summary of cases studied, detailed results 
will not be shown. Instead, a composite curve showing the range of 
values obtained for all the conditions studied using single-phase trans¬ 
formers is shown in Fig. 9-9. The narrow range of values obtained indi¬ 
cates that the transformer connection and its construction (core, shell, 
or single-phase) have little effect on the overvoltages obtained. Figure 
9*10 shows some typical oscillograms for one case with single-phase 
transformers. 
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Fig. 9*10. Representative oscillograms, wye-connected load transformer; Co » C\) 
Xci/Xm ■■ 0.89. Phases b and c open. Calibrations: current, times normal crest 
transformer exciting current; voltage, times normal line-to-neutral crest voltage. 
Low-, medium-, and high-voltage conditions can be identified by referring to Fig. 

9*9 at Xei/X m — 0.89. * 





242 


OVERVOLTAGES CAUSED BY OPEN CONDUCTORS 


II. Power source ungrounded—load transformers ungrounded. 

A. One phase open—no fault. 

1. Single-phase transformers. 

a. Delta-connected on line side, wye- or delta-connected on load side. 
Figure 9*11 gives the calculated voltages to ground of the open 
phase on the load side of the opening in per-unit of normal peak 
line-to-neutral voltage with X cl /X m as abscissa and X^'/X^ as 
parameter for C x — C 0 . Test points from the miniature system 
with saturation curve 1 of Fig. 9*4 for various values of X o0 '/X cl 
are indicated. The voltages are independent of X cl '. 



0.1 0.5 1.0 2.0 5.0 10.0 20.0 100 

X cl /X m 


Fig. 9-11. Steady-state maximum voltages on open phase on load side with one 
conductor open. No fault on system. Power source ungrounded. C\ = Co, trans¬ 
formers delta-connected on fine side and wye-connected on load side. Test points, 
miniature system with saturation curve 1, Fig. 9-4: +, Xco'/X c i — 0; A, X^/X c \ — 

0.1; □, Xco'/Xci - 0.5; o, X*'/X A - 1.0; x, Xco'/X cl - 10. 

B. One conductor open—fault to ground on the system side of the open 
conductor—single-phase transformers. 

Figure 9*12 shows the range of voltages obtained for the various trans¬ 
former connections. Here again the transformer connections make little 
difference except for very low ratios of X 0l /X m . The wye-delta connec¬ 
tion tends to reduce the overvoltages somewhat in this region. 

C. One conductor open—line-to-ground fault on the load side of the open 
conductor—single-phase transformers delta-connected on line side—wye- 
or delta-connected on load side. 

Figure 9*13 shows the voltages obtained for this assumed condition. It 
should be noted that the severity of this system from the standpoint of 
overvoltages can be defined for all practical purposes by the ratio of 
total zero-sequence capacitive reactance to transformer magnetizing 
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reactance. The ratio of X^'/X^ has relatively little effect. This will 
be made clearer in a discussion later in this chapter of the equivalent 
circuits applying for this case. 

If the total capacitive reactance of the system is large (capacitance on 
both sides of the opening), no high voltages are produced. As this re- 



Fiq. 9-12. Maximum steady-state voltages-to-ground with one conductor open. 
Line-to-ground fault on source side of open conductors. System neutral isolated. 
Ci *> Co. These results are independent of C\ and Co'. No load on system. Single¬ 
phase transformers delta-connected on line side, delta- or wye-connected on load 
side: curve 1, calculated voltages based on saturation curve 1, Fig. 9-4; curve 2, 
calculated voltages based on saturation curve 2, Fig. 9-4; curve 3, calculated voltages 
based on no saturation (•, test points, miniature-system saturation curve 1, Fig. 
9*4, single-phase transformers, wye-connected on line side); curve 4, calculated 
voltages based on saturation curve 1 of Fig. 9*4 with wye-connected load side; 
curve 5, same as curve 4, but delta-connected load side, (o, test points, miniature- 
system saturation curve 1, Fig. 9*4, delta-connected load side; x, same but wye- 

connected load side.) 

actance is decreased, voltages are increased. Only one voltage value is 
obtained until the ratio of total zero-sequence system capacitive react¬ 
ance to magnetizing reactance, X {o 0 +cO')/X m , reaches a value of about 
5.0. Below this value, three stable voltage conditions were obtained 
in some cases. As the capacitive reactance was decreased, increasingly 
higher maximum voltages were obtained. With a relatively low loss 
transformer (curve 1 of Fig. 9*4), the high-voltage condition could be 
obtained for values of X {o 0 +cQ ’)/X m down to 0.03, although the low- 
voltage condition occurred more often. In other words, the higher the 
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voltage, the less would be the probability of reaching that voltage. With 
the transformers (curve 5 of Fig. 9-4) which had slightly higher losses, 
the high-voltage condition did not occur for values of X (c0+cQf) /X m be¬ 
low 0.2, approximately. This elimination refers only to the steady-state 
condition, however. In many cases, long transient conditions were ob¬ 
served, which could be quite hazardous to insulation or connected ap¬ 
paratus. It is important to bear this in mind in connection with the 
protective criteria offered in the next section of this chapter. 



Fig. 9*13. Isolated-neutral system—steady-state voltages on open phase with one 
conductor open. Fault-to-ground on load side of open conductor. Curves calculated 
using saturation curve 1 of Fig. 9 -4. o, test points for Xco'/X c o = 0 and saturation 
curve 1, Fig. 9-4. Test points, saturation curve 5, Fig. 9-4: x, Xco'/Xco — 0; 

+, Xco'/Xco = 0.1; A, Xco'/Xco = 1.0; <8>, X^'/X^ - 10. 

Figure 9*13 indicates that phenomena such as these can take place in 
a relatively large percentage of ungrounded systems. It is likely that 
the occurrence of faults followed by the blowing of fuses may account 
for much of the heretofore obscure transient phenomena occurring in 
isolated-neutral systems. 

9*5 CRITERIA FOR LIMITING OVERVOLTAGES 

The manner of connecting the windings of an ungrounded trans¬ 
former bank does not materially affect the open-conductor phenom¬ 
ena. Furthermore, the type of transformer, that is, either core-type 
or shell-type, has little effect. 
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The method of calculating sustained voltages-to-groynd, when one 
or two conductors of the three-phase system supplying an unloaded, 
ungrounded transformer bank are open, gives values that approxi¬ 
mately check tests made on the miniature system. Except where the 
calculated voltages are less than normal system voltage, the method 
gives values that with few exceptions in the very high-voltage region 
are too high. The method can therefore be considered to give con¬ 
servative results. 

Although tests points of maximum peak voltage agree quite well 
with calculated results, it may be well to point out that, for some of 
the conditions which gave rise to very high voltages, it was possible 
to obtain variations in the wave shape, depending on the initiating 
conditions. For instance, the high voltage might, for one opening of 
the switch, be essentially of fundamental frequency. For a second 
opening of the switch, it might be essentially of the same magnitude 
but contain pronounced subharmonics. Some of these subharmonics 
were of very low frequency. 

For the neutral-grounded system or the isolated-neutral system 
effectively grounded through its zero-sequence capacitance, a fault-to- 
ground on the open conductor, or conductors, on the system side of the 
opening or openings does not affect the sustained voltages at the 
transformer bank terminals. A fault-to-ground on the transformer side 
of the opening reduces the voltage there to zero. The highest voltages 
are obtained when two conductors are open and there is no fault. 
Such a condition can exist when a line-to-line fault is cleared by the 
blowing of two fuses; and also on a circuit controlled by single-pole 
switches when one phase is closed before the other two. 

If the peak value of the sustained voltage-to-ground of the open 
conductor on the load side of the opening in a solidly grounded system 
with ungrounded transformers bank is to be kept below \/3 times 
normal line-to-neutral peak voltage, the approximate length of line, I, 
between the opening and the transformer bank should not exceed a 
value that can be approximately determined from the normal voltage 
of the system and the rated kilovolt-amperes and exciting current 
of the transformer. 

The positive-sequence capacity susceptance of overhead transmis¬ 
sion circuits, 2wfCx y in micromhos per mile at 60 cycles varies from 
about five to seven, depending on the diameter of conductors and the 
spacing between them. Since these, in turn, depend on voltage, 2vfCi , 
at a given voltage and frequency, can be estimated with fair accuracy. 
The following values will be taken as typical at 60 cycles. 
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2 rfCi 

Kv Micromhos per Mile 

230-115 5.2 

69-34.5 5.5 

34.5-13.8 6.0 

Below 13.8 6.5 


The zero-sequence capacitance of overhead transmission circuits is less 
than the positive but usually greater than one-half of the positive. 

From Fig. 9*9, it is seen that calculated voltages in the region of 
y/3 times normal line-to-neutral voltage are greater than test voltages. 
Allowing for this, and with C\ > C 0 > Ci/2, voltages above \/S times 
normal will probably not occur with transformers of the usual degree 
of saturation if the ratio of X c \/X m is 6.0 or greater. With a criterion 
of X cl /X m = 6, 



cl 


10 6 w kva 
2ir 1CJ, X kv 2 10 3 = 6 


kva X 10 3 
m kv 2 X 6(2 t/Ci) 


[9-3] 


where l — allowable length of line in miles on the transformer side 
of the open conductor, kva = rated kilovolt-amperes total of the 
transformers on the transformer side of the open conductor, kv = 
normal rms line-to-line voltage of the circuit in kilovolts, I m = aver¬ 
age per-unit rms exciting current at normal voltage, 2 tt/Ci = positive- 
sequence capacity susceptance of the circuit in micromhos per mile. 

The transformer exciting current I m lies between 1 per cent and 7 
per cent, with 3.5 per cent not an unusual value. Figure 9*14, drawn 
with 7 m = 3.5 per cent, gives the approximate maximum allowable 
length of line at various voltages supplying a transformer bank of 
given kilovolt-ampere rating and 3.5 per cent average rms magnetizing 
current which can be operated by fuses or single-pole switches without 
the risk of voltages-to-ground exceeding line-to-line voltages when 
two conductors are open. This allowable length of line varies directly 
as the per-unit rms exciting current of the bank and inversely as the 
ratio X 0 i/X m selected. For an rms exciting current of 7 per cent, the 
allowable lengths of line would be doubled; for an exciting current of 
1 per cent, they would be only about one-third those of Fig. 9*14. 

Since for some cases the maximum allowable length of line is very 
short, it may be necessary under such conditions to take into account 
the internal capacitance of the transformer bank itself. Generally 
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this will not have to be done. For cases requiring this refinement, 
representative values of internal capacitance of power transformers 
are given in a convenient form by L. V. Bewley. 18 In Fig. 8 of 
Bewley’s paper the capacitance is given between windings per phase 
which may be considered as the capacitance to ground, since the 
capacitance of the low-voltage winding to ground is usually much 



Fio. 9-14. Solidly grounded system—approximate maximum allowable length of 
line between fuses or single-pole switches and load transformer to limit line-to- 
ground voltage on open phase to V 3 times normal, with two conductors open. 
X c i/X m =* 6; l m * 3.5 per cent rms average exciting current. Note: Allowable 
length of line varies directly with rms average exciting current. 

larger, whereas the capacitance of the high-voltage winding to ground 
is small. The largest values of capacitance given are in the order of 
0.01 microfarad which would be equivalent to one mile of line, or less 
under most conditions. For the higher voltages, the internal capaci¬ 
tance would be equivalent to considerably less than a mile of over¬ 
head line. Bushing capacitance, being very small relatively, can be 
neglected. 

When the transmission circuit contains some cable, its equivalent 
in terms of miles of overhead line may be used. For that purpose, 
Fig. 9*15 has been prepared which makes it possible to evaluate this 
equivalent readily. 
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For the ungrounded system, it is important to note that the criterion 
for the solidly grounded system is adequately conservative for condi¬ 
tions not involving faults. See Fig. 9*11. However, should a perma¬ 
nent fault occur on the system side, the criterion must be changed if 
voltages are to be limited to maximum values of \/3 times normal. 
Figure 9*12 shows that a minimum ratio of X 0 \/X m = 25.0, approxi- 



Fig. 9-15. Overhead line capacitance equivalent of cables. Dashed curve, single 
conductor. Solid curves, three conductor. For paper-insulated cables assumed 
dielectric constant 3.8. For varnished-cambric or rubber insulation multiply by 
1.35. Overhead line equivalent based on positive-sequence capacity susceptance of 

G'.O micromhos per mile. 

mately, is required. This criterion alone is not sufficient, however. 
If a permanent fault on the load side is assumed, then the total zero- 
sequence capacitance of the system must be very large or else very 
small in order to prevent overvoltages. See Fig. 9*13. Therefore, in 
addition to imposing the criterion of X cl /X m ^ 25.0, restrictions must 
also be imposed on the ratio of X c o/X m . 

From Fig. 9*13, the ratio of X ic0 +co')/X m should be less than ap¬ 
proximately 0.04 or greater than a value varying from 4.7 to 25.0 ap¬ 
proximately, depending on the ratio X^'/X c0 . In the light of our 
first restriction on X cl /X m this can be conservatively interpreted to 
impose the restriction that X^/X m must be less than 0.04 or greater 
than 40.0, approximately. 
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Figure 9*14 can be used to interpret the first criterion in terms of 
total transformer kilovolt-amperes, system voltage, and maximum 
allowable lengths of line on the transformer side of the open conductor 
location. This figure is based on a ratio of X ex /X m = 6.0, and, since 
for the isolated system this must be increased to approximately 25.0, 
it is necessary to divide the miles of line shown by approximately 4.0 
in order to conform to the required criterion. 

In Fig. 9*16 the second criterion, imposing the restrictions on the 
lengths of line on the system side of the open conductor, is shown. 
This curve shows that overvoltages may be expected as a result of 
faults and subsequent fuse blowing for wide ranges of system con¬ 
stants. 

In applying these criteria, it should be pointed out that these are 
approximate values. Occasionally it may be necessary to make a 
more detailed calculation. Exact line configuration, exact magnetiz¬ 
ing reactance, and more detailed knowledge concerning the particular 
transformer saturation characteristics may be necessary. However, 
the curves serve to indicate in general the range of system constants 
that can give rise to high overvoltages in isolated-neutral systems. 
Under lightly loaded conditions, it would seem that a relatively high 
percentage of isolated-neutral systems are subject to overvoltages as a 
result of fuse blowing or single-pole switching under permanent fault 
conditions. 

Obviously, there are other combinations of faults and open con¬ 
ductors possible in isolated systems which may tend to shift some¬ 
what the range of constants causing high voltages. In distribution 
circuits involving single-phase feeders, a single blown fuse can some¬ 
times cause overvoltages if the system constants are of certain values. 
Generally, such instances can be interpreted in terms of three-phase 
constants so that some one of the numerous curves included in this 
chapter can be used directly in determining the overvoltages possible. 

The effect of load on the transformers is to reduce the voltages 
on the open phases obtained with the transformers unloaded. With 
the transformers loaded and phase a open, V a , the voltage of the open 
phase on the transformer side of the opening referred to the voltage 
on the system side, will have a quadrature component in addition to 
the positive or negative in-phase component. If the in-phase com¬ 
ponent is negative and greater than —0.5, V a2 (negative-sequence volt¬ 
age) will be greater than V a \ (positive-sequence voltage) and there 
will be phase reversal. Running motors, however, will not slow down 
if the difference between the positive- and negative-sequence torques 
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is equal to that required to maintain rotation in the positive direction, 
but, if it is less, they will slow down and stop. They will then reverse 




60 ' 
40 100 


600 2000 
400 1000 4000 


100,000 


Total transformer kva on load side of open conductor 


Fig. 9-16. Isolated-neutral system—approximate range of equivalent line lengths 
on system side of fuse or single-pole switch location which may cause voltages 
greater than times normal with one conductor open and a single line-to-ground 
fault on the load side. X c o'/X m must be greater than 40.0 or less than 0.04; I m = 
3.5 per cent rms average exciting current. Note 1: Allowable length of line varies 
directly with rms average exciting current. Note 2: This criterion alone is not 
sufficient for elimination of overvoltages. The criterion of Fig. 9 • 14 must be met 
also. Maximum permissible miles of line in Fig. 9 • 14 should be divided by 4.0 for 
the isolated-neutral system. 


their direction of rotation if the negative-sequence torque is great 
enough to overcome the positive-sequence torque and provide the 
torque required to start the motors from rest. With a motor running, 
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the positive-sequence torque is greater than the negative for equal 
positive- and negative-sequence voltages. At standstill, these torques 
are equal for equal voltages. 

The conditions under which loaded motors will reverse their direc¬ 
tion of rotation will depend on the characteristics of the motors, their 
loads, and the voltages at their terminals, the latter being influenced 
by the presence of the motors and other loads on the transformers. 
Since reversal of the direction of rotation of motors has occurred in 
practice following the opening of a conductor, it is reasonable in view 
of the foregoing to assume that, the higher the negative voltage pro¬ 
duced on the open phase with the transformer unloaded, the more apt 
is reversal of the direction of rotation of motors to occur. 

9-6 CONCLUSIONS 

1. In a three-phase power system, high sustained voltages may in 
some cases result from the opening of one or two conductors which 
separates ungrounded transformers from the rest of the system. 

2. The transformer connections (wye or delta) and construction 
(single-phase, or three-phase, core- or shell-type) make little differ¬ 
ence in the magnitudes of voltage or in the regions in which high 
voltages are encountered. 

3. High overvoltages can be eliminated in grounded systems by 
grounding the neutrals of the load transformers. 

4. The regions within which abnormal voltages are obtained are 
considerably extended by the effects of transformer saturation. 

5. The regions wherein voltages in solidly grounded systems in ex¬ 
cess of rated line-to-line voltages occur, and therefore of importance 
in the application of lightning arresters, are for the usual cases con¬ 
fined to ratios of X c i/X m less than three for one conductor open, and 
less than six for two conductors open. 

6. To avoid the possibility of obtaining unduly high abnormal volt¬ 
ages in solidly grounded systems, single-pole switches or fuses should 
not be used where the length of line, or equivalent capacitance, be¬ 
tween the break and ungrounded transformers supplying the load is 
greater than that given by equation [9-3]. Figure 9-14 can be used 
directly when the rms exciting current is 3.5 per cent. 

7. The highest voltages appear in an ungrounded system with the 
simultaneous occurrence of an open conductor and line-to-ground 
fault, such as might correspond to the breaking and falling to ground 
of a line conductor. 
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8. From the standpoint of open conductors without faults, the cri¬ 
terion given in conclusion 6 is always conservative for ungrounded 
systems. However, if the criteria are to include the effects of perma¬ 
nent faults, then it is necessary to impose two approximate require¬ 
ments, namely, X cl /X m must be greater than 25.0, and X c0 '/X m must 
be either less than 0.04 or greater than 40.0. Figures 9-14 and 9*16 
can be used when the rms exciting current is 3.5 per cent. 

9. The voltages arising from open conductors can be calculated with 
reasonable accuracy by consideration only of the fundamental-fre¬ 
quency components of voltage and current as outlined in the following 
section. 

9*7 EQUIVALENT CIRCUITS AND METHODS OF CALCULATION 

Perhaps the most fruitful method of gaining insight into the phe¬ 
nomena associated with open conductors including effects of satura¬ 
tion is to construct the equivalent circuits for some typical cases. 
When such circuits have been constructed, it becomes relatively easy 
to visualize the behavior of circuits which has been discussed in the 
preceding sections. Furthermore, such an approach lends itself well 
to an extension of these studies to include numerous other similar non¬ 
linear circuits. Although calculations could be made on a cut-and-try 
basis, 1 a graphical approach which will be outlined permits more rapid 
accumulation of data and has the additional advantage of affording a 
clearer insight concerning the fundamental phenomena. 

In Fig. 9*3(6) let the following assumptions be made: 

1. The sustained voltages to be determined are substantially sinus¬ 
oidal voltages of fundamental frequency. 

2. The effective exciting* impedance of the transformers is a react¬ 
ance that can be determined from the saturation curve of the trans¬ 
former, determined by applying sinusoidal voltages. The saturation 
curves as in Fig. 9*4 therefore are interpreted to express the relation¬ 
ship between fundamental-frequency voltage and equivalent funda¬ 
mental-frequency current. The actual impedance is then a ratio of 
rms voltage to rms current and is a constant for a given rms voltage. 
The actual impedance can be expressed as a constant X m multiplied 
by a factor 8 which is defined as: 

times normal rms voltage 

8 —- 

times normal rms exciting current 

3. Resistance in the transformers and in the transmission circuit 
can be neglected. 
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t 

Consider, then, the isolated-neutral system with one conductor 
open, and no fault, again referring to Fig. 9*3(6). If C 0 on phase a is 
thought of as a load impedance which is to be inserted between a and 


2C 0 



Fia. 9-17. Equivalent circuits for some isolated-neutral system open conductor 
cases, (a) One conductor open, no fault. (6) Two conductors open, no fault, (c) 
One conductor open, fault on source side, (d) One conductor open, fault on load side. 

ground, then the entire system can readily be replaced (by Th&venin’s 
theorem) by the impedance looking in at the terminals a and ground 
with the capacity C 0 in phase a only equal to zero. The voltage ener¬ 
gizing this circuit is the voltage that exists on phase a with C© in phase 
a only equal to zero. Using the normal voltage on phase a as refer¬ 
ence, this open-circuit voltage is — The impedance is ob- 
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tained by looking back into the system at a, and the entire circuit is 
as shown in Fig. 9*17(a). The voltage across the capacitor C 0 in this 
circuit gives the voltage V a on the open conductor on the load side of 
the switch in Fig. 9*3(6) for the assumed conditions. 

It is interesting to point out that, if C 0 ' is sufficiently large so that 
it can be replaced by a short circuit and if C i = C 0 , then Fig. 9 *17 (a) 
reverts to Fig. 9*1(c), as it should. The only difference is the factor 8. 
Similarly Fig. 9*17(6) reverts to Fig. 9*2(c). In other words, if C 0 ' 
is sufficiently large, then the source side may be thought of as being 
solidly grounded through capacitance. 

This factor 8 is a dimensionless saturation coefficient and is intro¬ 
duced so that the effects of saturation can be more clearly seen and 
taken into account. It is a function of (1) the transformer saturation 
characteristic, (2) the voltage V a , (3) the transformer connections, and 
(4) the circuit under investigation. If there is no saturation, then 
8 = 1.0 for all values of V a and any transformer connection and con¬ 
ventional linear circuit theory applies. If there is saturation, then for 
a given saturation characteristic, given circuit under study, and given 
transformer connections 8 is a function of V a only. 

As a detailed example, consider the simple case included in Fig. 
9*17(a). The voltage V a can be written directly. 

v =e\ _ ~-- c0 _ 

“ . (XygKXeoVg) jXm 

. 3 00 3 (X c0 /2) + (X c0 ./3) -jXma-c*) +j%X m 6. 



If Ci = Co and Co' becomes very large, e = %E a ' and the solidly 
grounded case of Fig. 9* 1(a) is obtained. In equation [9*4], A/X m 
becomes zero and the last term in the denominator becomes — %8. 


Therefore, 




1 E ,( X c0 /X m \ 
2 ° KiXco/XJ - |«/ 


- E, 


/ Xco/Xm \ 
V35 - 2(X c0 /X m )J 


[9-5] 
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which checks equation [9*1] except for the saturation factor 8. In 
order to evaluate the saturation factor, the relation between V a and 
the voltage across the transformer windings must be known. The 
vector diagram of Fig. 9*1(6) applies, and, if a delta-connected wind¬ 
ing is assumed, the voltages V ab = Vac must first be determined since 
they are the voltages impressed across the saturable elements. The 
following equation expresses this relationship. 

| V ab I = | | = J(~) 2 + (v a + l) 2 - Vl + V a + Va [9-61 

This follows from the vector diagram of Fig. 9*1(6). From equation 
[9*6] and Fig. 9*4 the following table can be constructed. 

TABLE 91 
Vab - Vac in P.U. 

V a in P.U. Based on 6 (From Fig. 9*4) 


Va! Ea 

L-N Voltage 

L-L Voltage 

Curve 1 

Curve 2 

3.0 

3.60 

2.08 

0.08 

0.0345 

2.5 

3.12 

1.805 

0.112 

0.0545 

2.0 

2.65 

1.532 

0.264 

0.100 

1.5 

2.18 

1.262 

0.600 

0.268 

1.0 

1.73 

1.00 

1.00 

1.00 

0.5 

1.33 

0.769 

1.34 

1.60 

0 

1.0 

0.578 

1.46 

1.90 

-0.5 

0.866 

0.500 

1.5 

2.00 

-1.0 

1.0 

0.578 

1.46 

1.90 

-1.5 

1.33 

0.769 

1.34 

1.60 

-2.0 

1.73 

1.00 

1.00 

1.00 

-2.5 

2.18 

1.262 

0.600 

0.268 

-3.0 

2.65 

1.532 

0.264 

0.100 

-3.5 

3.12 

1.805 

0.112 

0.0545 

-4.0 

3.60 

2.08 

0.08 

0.0345 


If, now, 8 is plotted as in Fig. 9*18 for curves 1 and 2 as a function 
of V a and on this same figure is plotted a family of curves of V a from 
equation [9*5] with Xco/X m as a parameter, the intersections are the 
solutions for V a that are sought. It is to be observed that as many 
as three intersections may occur for one given value of Xco/X m . These 
cases correspond to the triple values of voltage found in many cases 
as shown in the miniature-system results. Results taken from Fig. 
9*18 will be found to check those plotted in Fig. 9*5 (a) for satura¬ 
tion corresponding to curves 1 and 2 of Fig. 9*4. 

Similarly other cases can be analyzed graphically. In all cases, 
the proper family of curves of V a as a function of 8 with appropriate 
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Fig. 9*18. Graphical solution for grounded neutral source, one conductor open, 
Ci — Co, and delta-connected transformer. The intersections are the solutions 
sought and are plotted in Fig. 9* 5(a). Curves 1 and 2 from Table 9*1; other curves 

from equation [9 • 5]. 
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variation in system constants as a parameter should be calculated. 
Then 8 should be evaluated as a function of V a plotted on the same 
figure. The solutions sought will be given by the intersections of 
one family of curves with the other. 

The stable solutions can, in general, be recognized by applying the 
criterion 

(dVa/db)* ystem — ( dV a /d8)i 



to the family of curves such as in Fig. 9*18 for each point of intersec¬ 
tion. Equation [9*7] defines the points of intersection that are stable 
solutions. The first term in the numerator is simply the slope of the 
V a versus 8 curve as plotted from equation [9-5] at the intersection 
under test. The second term in the numerator is similarly the slope of 
the V a versus 8 curve 1 or 2 of Fig. 9-18 at the same intersection 
under test. V a is the voltage at the intersection under test. This 
criterion, defined by equation [9*7], has been found very useful in 
identifying stable and unstable solutions to a variety of non-linear 
circuit problems. 

If this criterion is applied to Fig. 9-18, it will be found that all the 
high positive values of V a will be unstable whereas the low positive 
values and high negative values will be stable, as was generally found 
to be true for the miniature-system results. There were exceptions, 
arising from the fact that harmonics are neglected in this entire analy¬ 
sis. In the miniature system the harmonics were present, and un¬ 
doubtedly this fact accounts for discrepancies between miniature-sys¬ 
tem results and results obtained with equation [9*7] as a criterion. 
It is beyond the scope of this analysis to include the effects of these 
harmonics. 

9-8 OTHER EXAMPLES 

a. Open Conductors in Ground-Fault Neutralizer Systems. 1 * If in 
Fig. 9*3(b), a reactance is inserted between neutral N' and ground, 
being properly tuned to 3(C 0 ' + Co), the system is known as a ground- 
fault neutralizer system. Such systems have the inherent ability to 
clear automatically single-line faults to ground by virtue of the fact 
that, losses being neglected, the impedance viewed from any conductor 
is infinite, and therefore no fault current can flow when a fault occurs. 

In such systems, while the parallel impedance (zero-sequence ca¬ 
pacitive reactance and ground-fault neutralizer inductive reactance) 
is infinite, the series impedance is zero. Therefore any means which 
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can generate a series voltage in this circuit may produce high voltage. 
It is well known that in unbalanced circuits, currents of one sequence 
produce voltage drops of another. Therefore it is important in 
Ground-Fault Neutralizer systems to keep the line impedances bal¬ 
anced among all three phases by appropriately transposing overhead 
conductors. With early air core Ground-Fault Neutralizers, this was 
a troublesome factor in connection with Ground-Fault Neutralizer ap¬ 
plication and operation. Present-day Ground-Fault Neutralizer appli¬ 
cations are made, the system being carefully considered from the stand¬ 
point of transpositions and then generally detuned (GFN reactance 
slightly less than X c0 /S ) so that the system is only slightly out of 
resonance. This is no way impairs the ability of the system to clear 
line-to-ground faults automatically. 

Because of the resonant nature of the zero-sequence circuit it is 
generally undesirable to use any single-pole interrupting devices in 
such systems. The reason becomes clear when the system of Fig. 
9-3(6) is equipped with a ground-fault neutralizer connected between 
N' and ground. From the technique used in the foregoing sections, 
the equivalent circuits for calculating neutral voltage Vy with one 
and two conductors open are shown in Fig. 9-19. The circuits are 
obtained as before by replacing the two-terminal network between 
neutral and ground by the voltage existing at the neutral e n (with the 
neutral open) in series with the impedance Z N viewed from the neutral 
(with the neutral open). This gives a simple two-terminal network 
to replace the entire system as far as the neutral voltage Vy is con¬ 
cerned for either one or two conductors open. 

Although it will be impossible to investigate all the possibilities of 
these equations here, it should be pointed out that, in general, in Fig. 
9-19 Z N will be a capacitive impedance which is comparable in mag¬ 
nitude to X N which is inductive. If, also, the open conductor is near 
the source so that Xcq approaches infinity, then e n = and this 

voltage acting in a series circuit tuned to fundamental frequency gives 
rise to overvoltages limited principally by saturation in the iron 
core of X N . 

Similarly, if two conductors are open, e n will act in a series circuit 
tuned to the fundamental frequency, and saturation of the ground- 
fault neutralizer will be an important factor in limiting the overvolt¬ 
ages. It is principally for reasons disclosed by this analysis that 
single-pole switches and fuses are not generally used in ground-fault 
neutralizer systems, even though overvoltages may be limited by 
saturation as mentioned or by overvoltage arresters. 
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b. Single-Pole Switching of Grounding Banks . When a grounding 
bank is opened in one or two phases, overvoltages may be encountered 
also. The equivalent circuits for one and two conductors open are 



Fig. 9*19. Equivalent circuit for calculating Vn the voltage at the neutral for one 
and two open conductors. Refer to Fig. 9-3(6) for identification of constants. 


1. With one open conductor (phase a) 


e n = E t 
Zn 
V N ' - 6 n 


, ( 'AX*’ - B \ 
* \ x*’ + B ) 

Xco’B 


Xco f + B 
Xat 


where 


B 


Xn -f Z at 

X2(Cq' -\-Cq)(XcO + Z) 
X2(C 0 ' +Cq) + Xco -+ Z 

gm-aid*,) 

I -V. - y ' Ci - 0,1 


2. With two conductors open (phases 6 and c) 


e n 


E a ' 


( D ~ X 2c o , \ 
\D + XjcoV 


where 


Z N 


Xtco'D 

Xuo' + D 


D » {Xtco + Z) 

X (o0+e oq + Xtco 4* Z 
Z and Vn' are as under (1). 


shown in Fig. 9*20. Again the circuit is fundamentally a capacitance 
in series with a saturable reactor so that trouble may be expected over 
a large range of system constants. For this reason fuses and single- 
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pole switches should not be used with grounding banks unless a care¬ 
ful study reveals that the zero-sequence capacitive reactance and the 
magnetizing reactance bear such a relation to each other that over¬ 
voltages cannot occur. In Fig. 9-20(6), it should be pointed out that 
to obtain actual voltages V b and V Cy the existence of a quadrature 
component of — j{y/%/2)E a \ on phase 6 and +j{\ /r 3/2)E a ' on phase 
c should be included in the analysis. 



(b) (c) 

Fig. 9*20. Essential elements of isolated-neutral system with one and two phases 
of grounding bank open, (a) Three-phase circuit; ( b ) one phase open (phase a); 
(c) two phases open (phases b and c). 

c. Unbalanced Load and Open Conductors . Unbalanced load on a 
three-phase system may cause overvoltages and phase reversal under 
certain conditions. Only the general equations will be derived here, 
and the equivalent circuits shown. 

In Fig. 9-21 is shown the basic circuit under discussion. The im¬ 
pedances Z ab and Z ac are unequal. Any impedance between 6 and c 
will have no effect, and so it is not shown. The circuit represented by 
Zi, Z 2 is any three-phase load in which positive- and negative-sequence 
impedances Z 1 and Z 2 are not necessarily equal. 

Following the procedure of replacing a source by the open-circuit 
voltage in series with appropriate impedance viewed from the open- 
circuited terminals, consider everything to the left of Z lf Z 2 a source 
that is to be replaced by sources of positive- and negative-sequence 
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Fia. 9-21. (a) Essential elements of three-phase system supplying an unbalanced 

load with one open conductor. ( b ) Circuit for determining sequence impedances 
between P and Q. ( c) Equivalent circuit for (a). 

voltages in series with appropriate positive- and negative-sequence 
impedances. Let the voltage E ch (the voltage from c to b) be the 
reference. The voltages on open circuit (balanced load removed) are 


E C b — E c b 


Eac — E c b 
E ba = E c b 



Zac + Zab 


— Z a b 
Zac Z a b 


[9-8] 
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Resolving these three voltages in terms of their symmetrical com¬ 
ponents 


E C b i 

* rtl “T 1 

( ClZac 

a 2 Z a b ' 

\ Z ac + Z a b 

Zac + Z a b> 

E cb2 = ^f\ 

/ a 2 Z ac 

dZab 

\ Z ac + Z a b 

Zac ”1“ Z a b> 


[(1 - a)Zac + (1 - 

- a 2 )Zab~\ 

Ecbl - 3 

Zac + Z ab 

J 

F - Ecb 

Em ~ T 

[" (1 — a 2 )Z ac + (1 

ci)Z a b~^ 

L Zac + Z a b J 


) 


[9-9] 


The line-to-neutral components of these voltages are 


E a i 

E a 2 


. Ecbi 

~ J Vs 

. E c b2 
" V3 


[9 10] 


These are the line-to-neutral positive- and negative-sequence volt¬ 
ages which replace the source through sequence impedances yet to be 
determined. To determine these, consider Fig. 9*21(6). Here, with 6 
and c shorted at P, it is only necessary to inquire what the voltages 
V a , V h , and V c are with positive-sequence currents flowing. 


T T r rr , rj Z a bZ ac 

V a = — I a \Z where Z — - 

Z a b + Z t 

v b = o 

F c = 0 

From these, 



V a2 = 


-IalZ 

3 


[9*11] 


[9-12] 


and it is evident that, with only positive-sequence currents flowing, 
negative-sequence voltages occur also. Similarly, with negative-se¬ 
quence currents only flowing, 



OTHER EXAMPLES 


263 


Val = 


-uz 

3 


V a2 = 


-/.«Z 

3 


[9-13] 


Therefore, from equations [9-10], [9-12], and [9-13], the general 
equations for replacing everything to the left of Q in Fig. 9 • 21 (a) can 
be written. They are 

Z Z 

EaX — la 1 — + I o 2 ~ + F a iQ 

o o 

[9 14] 

Z Z 

Ea2 ~ Ia2 ~ + 1 al ~ + V a2 Q 

O u 


If VaiQ and V a2 Q are replaced by their respective impedance drops in 
the balanced load to the right of Q, then 


Eal 

Eq2 


Z Z 

hi ~ + Ici2 ~ + Ia\Z\ 

O u 


z z 

Ia2 — + hi — + Ia2^2 

o 


[9-15] 


and the circuit of Fig. 9-21 (a) can be represented by the relatively 
simple circuit of Fig. 9-21(c). 

This circuit has been studied by a number of individuals. 16 * 17 It has 
been shown clearly that the circuit for certain unbalanced load condi¬ 
tions may produce overvoltages on the open conductor, as well as 
phase reversal so that an induction motor load, for instance, could 
reverse its direction of rotation as a consequence of the opening of the 
conductor. 

It is clear from the problems discussed in this chapter that open 
conductors in polyphase power systems, with or without faults, can 
give rise to overvoltages and, occasionally, phase reversal for wide 
ranges of system constants. Methods of calculation are generally 
tedious, but may yield satisfactory results. Frequently, physical in¬ 
sight, born of experience, is extremely helpful in determining whether 
or not open conductors can give rise to overvoltage troubles in a 
given system. 
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10 SOME ADDITIONAL 
NON-LINEAR CIRCUITS 

KM INTRODUCTION 

There are numerous non-linear circuits which have been encountered 
and studied with varying degrees of thoroughness at different times. 
Some of these circuits cannot be analyzed at all by the fundamental- 
frequency approach used in the preceding chapter; others can be stud¬ 
ied only to a limited extent by that approach. The miniature-system 
approach has proved extremely useful, therefore, as a tool in sys¬ 
tematically studying several different non-linear circuits in detail. 
Results of several of these studies will be presented in this chapter. 
The results will be presented as far as practical in the form of general¬ 
ized curves in such a way that they will be useful to many individuals 
who have occasion to be concerned with such phenomena but do not 
have the facilities for carrying out such detailed analyses. 

10-2 WYE-GROUNDED POTENTIAL TRANSFORMERS 

Grounded-neutral, wye-connected potential transformers with wye- 
or broken delta-connected secondaries have been applied to three- 
phase circuits, the neutrals of which are temporarily or permanently 
ungrounded. The broken delta secondary connection affords a means 
of ground-fault detection, the voltage across the break in the delta 
under such fault conditions being used to operate relays or otherwise 
indicate the presence of a ground fault. 

Experience has shown that such a circuit is unstable. Although the 
arrangement gives correct indications of true faults, indications of 
faults may sometimes be obtained when no faults exist. These false 
indications may sometimes result in higher than normal fault-indi¬ 
cating voltages appearing across the break in the delta secondary. 
Sometimes higher than normal voltages appear on the system itself. 

265 
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The phenomenon is caused by the inherent instability of a circuit of 
this type when the amount of capacitive reactance to ground and the 
magnetizing reactance of the transformers involved are in certain rela¬ 
tive proportions. 

The miniature system shown in Fig. 10-1 is the basic circuit studied. 
The reactance of the sine-wave generator was negligible compared 
with the external miniature-system impedances. Thus balanced sinus¬ 
oidal line-to-line voltages were applied at the transformer terminals. 



Fia. 10*1. Miniature system studied. Xco, zero-sequence capacitive reactance; 
r, d-c resistance of transformer winding; X m , ratio of rms sinusoidal leg volts to rms 
phase current at a point on the saturation curve corresponding to E — 1.0 in Fig. 

10*2. Transformer turn ratio 1:1. 

Consequently the phenomena were independent of positive-sequence 
capacitance so that only zero-sequence capacitive reactance was 
involved. 

Transformers used were single phase and their saturation character¬ 
istics are shown in Fig. 10-2. Curve 1 is representative of most trans¬ 
formers and therefore was used throughout the study except for one 
case in which curve 2 was used to indicate the effect of more abrupt 
saturation. The value of X m is, as in Chapter 9, the ratio of normal 
line-to-neutral rms sinusoidal exciting volts to normal-phase rms ex¬ 
citing current at normal frequency. The circuit, therefore, can be com¬ 
pletely defined (neglecting losses) by the ratio Xco/X m when the 
saturation curve used and the normal operating voltage are specified. 

Provision was made to control the excitation of the miniature-sys¬ 
tem sine-wave set so that system voltage could be varied. It was not 
deemed practical to consider operation voltages higher than normal, 
as indicated on the saturation curves, since, in the system studied, a 
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line-to-ground fault would result in extremely high magnetizing cur¬ 
rents in the two unfaulted phases. 

The study was made with and without load impedance in the break 
in the delta. This (neglecting saturation effects) is equivalent to put¬ 
ting load impedance across each phase in the case of wye-connected 
secondaries, the total ohmic resistance being the same in either case. 
Various impedances were used as burdens to determine the effect of 
impedance burden magnitudes and power factor, both lagging and 
leading. 



Fia. 10*2. Transformer saturation curves used in the miniature system. Curve 1, 
typical saturation curve; curve 2, curve having more saturation than curve 1. 


In practically all cases studied, the abnormal conditions were ob¬ 
tained by suddenly energizing the miniature system or by applying 
and removing a fault-to-ground on one phase, although, in some in¬ 
stances, instability could be obtained merely by gradually raising 
the excitation of the sine-wave generator. However, the manner of 
obtaining the abnormal circuit conditions, as long as it is reasonable, 
is of secondary importance relative to the question whether abnormal 
behavior of the circuit is possible or not for given constants. 

In the results as summarized here, it is sometimes true that regions 
of possible abnormality may overlap regions of possible normal circuit 
behavior. In other words, in regions of abnormal circuit behavior it 
is sometimes possible for the circuit to behave normally also, but it is 
never possible in a region designated as stable to have a sustained 
abnormal circuit condition of the type under discussion. 

Regions of instability as defined by these results are regions wherein 
the abnormal conditions persist in the steady-state condition. It is 
possible for relatively long-time transients to exist near the border- 
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line in the stable region. These will die out eventually, however, and 
normal conditions will always be restored ultimately. 

For a particular set of transformer characteristics, the regions of 
neutral instability of the system shown in Fig. 10*1 are defined in 
terms ^of the ratio of system parameters Xoo/X m and the system volt¬ 
age E, where E is the per-unit system operating voltage. E = 1.0 
corresponds to system operating voltage E = 1.0 on the saturation 



Fig. 10-3. Regions of possible instability of the circuit of Fig. 10-1 with trans¬ 
former saturation corresponding to curve 1 of Fig. 10-2. r/X m = 0.0003 for the 
transformer; r =* d-c resistance of the winding; X m is the ratio of rms sinusoidal 
leg volts to rms phase current at a point on the saturation curve corresponding to 

E = 1.0 in Fig. 10 -2. 


curves of Fig. 10*2. In the application of potential transformers as a 
means of ground-fault detection, it is customary to select a trans¬ 
former rated at line-to-line system voltage, and operate it at system 
leg voltage; that is, E = 0.58. In some cases, however, circuits for 
which E — 1.0 may be encountered if in a normally grounded system 
the wye-grounded transformer bank is temporarily connected to an 
otherwise ungrounded but energized circuit, or if single-phase trans¬ 
formers are connected line-to-neutral in a three-phase system which 
has an open circuit in the neutral at the system grounding point. 

The data of Fig. 10*3 were obtained using a low-loss transformer 
with typical saturation characteristics, curve 1, of Fig. 10*2. The 
regions outlined are those in which instability may occur as the re¬ 
sult of a shock, such as a line-to-ground fault applied and removed. 
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Stable operation may be obtained within portions of the unstable re¬ 
gions if system voltage is gradually applied or if the delta secondary 
is closed until normal steady-state conditions exist. 

At each test value of X c0 /X m the system voltage was raised to a 
value corresponding to E = 1.0. If the application and removal of a 
line-to-ground fault created an unstable condition as indicated by the 
presence of an abnormal voltage across the break in the delta, the 
system voltage was then reduced to the boundary value at which the 
unstable delta voltage collapsed. 

As indicated on Fig. 10-3, neutral instability for this circuit may 
occur in one of three distinct modes, depending on the values of 
X c0 /X m and E . For values of X c0 /X m less than 0.01, no instability 
can occur for values of E less than 1.0. For values of Xco/X m between 
0.01 and 0.07, corresponding to relatively large values of zero-sequence 
capacitance, the unstable voltage appearing across the broken delta 
is approximately of one-half normal frequency. Intermediate values 
of X c0 /X m (between 0.07 and 0.55) give rise to a fundamental-fre¬ 
quency delta voltage, and large values of X^/Xm (between 0.55 and 
2.8) give rise to a third-harmonic delta voltage. 

The first of these three abnormal conditions is illustrated by the 
oscillograms in Fig. 10-4(a). For X^/Xm = 0.026 and E — 0.58, 
oscillogram 76-10 shows the broken delta voltage V A with a single 
line-to-ground fault on phase a. This, of course, is of fundamental 
frequency and approximately three times normal leg voltage. Oscillo¬ 
gram 77-5 shows the transient V A to the same time and amplitude 
scale following the removal of the fault on phase a at a normal cur¬ 
rent zero without any subsequent restriking in the fault. It will be 
observed that this transient voltage is approximately one-half funda¬ 
mental frequency. Oscillogram 77-6 shows, with the same calibration, 
the ultimate steady-state voltage appearing across the break in the 
delta. It can be seen that this also is approximately one-half funda¬ 
mental frequency, of very good wave form, and essentially of the 
same amplitude as though a line-to-ground fault were on the system. 

This phenomenon is referred to as being essentially of one-half fre¬ 
quency. Actually it differs from one-half fundamental frequency by 
a small amount so that line-to-neutral voltages vary with time at a 
very low beat frequency. Oscillogram 77-7 shows the transient re¬ 
covery voltage on phase a. Oscillograms 77-11, 77-12, and 77-13 
show the steady-state line-to-neutral voltages on phases a, 5, and c, 
respectively. Oscillograms 77-14, 77-15, and 77-16 show the same 
three respective voltages at a later time to illustrate how slowly the 
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voltages-to-ground are shifting, owing to the “slip” frequency in¬ 
volved giving rise to a beat frequency component of voltage. Phase 
voltages reach a maximum of two times normal line-to-neutral crest 
for this case. Transformer currents may be very high for this condi- 



Fig. 10 -4(a). Oscillograms illustrating the abnormal conditions giving rise to 
one-half normal frequency broken delta voltages and balanced phase voltages-to- 
ground. Xco/Xm = 0.026, Fig. 10-3. E = 0.58. See text for identification of 
oscillograms. Note: All voltage calibrations are times normal line-to-neutral crest 
voltage on the system side of the transformer. 

tion because of the presence of this low-frequency component of volt¬ 
age as will be shown later. 

The fundamental-frequency phenomenon is illustrated by the oscil¬ 
lograms in Fig. 10*4(b) for X c0 /X m = 0.123 and E = 0.58. Oscillo¬ 
grams 32-1, 32-2, and 32-3 show steady-state voltages to ground on 
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Fia. 10-4(6). Oscillograms illustrating the abnormal condition giving rise to funda- 
mental frequency broken delta voltages and unbalanced phase voltages-to-ground. 
•Yco/-Ym “ 0 123, Fig 10-3; E 0.58 See text for identification of oscillograms. 
Note: All voltage calibrations are times normal line-to-neutral crest voltage on the 
system side of the transformer. 

Fig. 10-4(c). Oscillograms illustrating the abnormal condition giving rise to third- 
harmonic broken delta voltages and balanced phase voltages-to-ground. Xco/X m * 
0.594, Fig 10-3; E = 1.0. See text for identification of oscillograms. Note: All 
voltage calibrations are times normal line-to-neutral crest voltage on the system 

side of the transformer. 

Fig. 10 '4(d). Oscillograms illustrating the normal condition of some third-harmonic 
voltage across the delta break with balanced voltages-to-ground. X#/X m * 0.594, 
Fig. 10-3; E » 1.0. See text for identification of oscillograms. Note: All voltage 
calibrations are times normal line-to-neutral crest voltage on the system side of the 

transformer. 
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phases a, 6, and c, respectively, whereas oscillogram 32-8 shows the 
sustained voltage appearing across the break in the delta. This con¬ 
dition is very nearly the same as if a fault existed on phase c to ground. 
The voltage on phase c is very low—in fact, the fundamental-fre¬ 
quency component appears to be practically zero. Voltages-to-ground 
on phases a and b are essentially line-to-line voltages of fundamental 
frequency, and the broken delta voltage gives every indication of a 
fault although there is no fault on the system. The presence of sub¬ 
harmonics of one-half and one-ninth frequency are evident in the 
oscillograms. 

The third-harmonic phenomenon is illustrated in Fig. 10-4(c) for 
Xco/Xm = 0.594 and E = 1.0. Oscillograms 32-9, 32-10, and 32-11 
show voltages-to-ground (one cycle of fundamental frequency) on 
phases a, 6, and c, respectively, whereas oscillogram 32-16 shows the 
voltage appearing across the break in the delta. The broken delta 
voltage is of third-harmonic frequency with good wave form and of 
higher magnitude than that obtained for a fault on the system. Volt- 
ages-to-ground on all three phases are the same in magnitude (about 
four times normal line-to-neutral crest). There are no subharmonics 
present in this case. 

The normal condition for the same system (Xco/X m — 0.594) and 
operating voltage (E = 1.0) is illustrated by the oscillograms in Fig. 
10-4(d). Although the system constants are identical with those for 
the case discussed in the preceding paragraph, the voltage conditions 
are quite different, corresponding to “normal” behavior of the circuit. 
As shown previously, circuits involving saturable impedance elements 
may give rise to voltage and current conditions that are not single¬ 
valued functions of the circuit parameters. For this case (E = 1.0 and 
Xco/X m = 0.94), as in many others that could be used as illustrations, 
either of these conditions may be obtained, the one “abnormal” and 
the other “normal.” Oscillograms 32-12 to 32-14, inclusive, show the 
balanced voltages-to-ground on phases a, b, and c, respectively, 
whereas oscillogram 32-15 shows the broken delta voltage. A third- 
harmonic component is in evidence in this case also, but it is only a 
very small fraction of that present for the abnormal condition illus¬ 
trated in oscillograms 32-9 to 39-11, inclusive, and oscillogram 32-16. 
It is also much lower in magnitude than that obtained for the condi¬ 
tion of a fault on the system. 

Dividing lines between these three distinct modes of instability are 
not always very clear-cut. For example, in the vicinity of X o0 /X m = 
0.01 but in the unstable region, one-quarter frequency components of 
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voltage were in evidence, although the one-half frequency components 
predominated. Other subharmonics were also present, sometimes of 
very low frequency, in this portion of the unstable region. 

In the vicinity of X<&/X m = 0.08, the unstable phenomenon was 
mainly a combination of fundamental frequency and one-half funda¬ 
mental frequency. The dividing line might be considered as an indi¬ 
cation of where for increasing values of Xoo/X m the phenomenon 
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Fia. 10 -5. Regions of possible instability of the circuit of Fig. 10-1 with transformer 
saturation corresponding to curve 1 of Fig. 10*2. r/X m — 0.0007 for the transformer; 
r is the d-c resistance of the winding; X m is the ratio of rms sinusoidal leg volts to 
rms phase current at a point on the saturation curve corresponding to E « 1.0 in 

Fig. 10-2. 


changes gradually from something predominantly of one-half funda¬ 
mental frequency to something of predominantly fundamental fre¬ 
quency. 

In the vicinity of X^/Xn = 0.5, the phenomena included a com¬ 
ponent of approximately twice normal frequency. This was observed 
only for a very limited range of values of Xoo/X m , and the other ab¬ 
normal conditions, occurring over greater ranges of this ratio, were 
considered of far greater importance. 

These facts are pointed out merely to indicate the physical consist¬ 
ency of the information plotted in Fig. 10*3. The ratio Xoo/X m is 
proportional to the square of the natural frequency of the circuit 
studied. For very small values of this ratio, the circuit is always 
stable. As the ratio is increased beyond a certain value, instability 
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is encountered and the unstable phenomena are characterized in suc¬ 
cession by voltage components of one-quarter, one-half, one, two, and 
three times normal frequency. Thus the predominant frequency of 
the phenomena is seen to increase consistently with the natural fre¬ 
quency of the circuit. 

The effect of increased transformer resistance is shown in Fig. 10*5, 
i.e., greater than that shown in Fig. 10-3. It is of importance to note 
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Fig. 10-6. Regions of possible instability of the circuit of Fig. 10*1 with trans¬ 
former saturation corresponding to curve 2 of Fig. 10-2. r/X m = 0.0003 for the 
transformer; r is the d-c resistance of the winding; X m is the ratio of rms sinusoidal 
leg volts to rms phase current at a point on the saturation curve corresponding to 

E = 1.0 in Fig. 10 -2. 


that the regions of instability are only very slightly affected by re¬ 
sistance over a practical range. This fact makes the results of the 
investigation much more widely applicable. 

The results shown in Fig. 10*6 were obtained for the saturation 
curve 2 of Fig. 10*2. This curve is somewhat steeper than that likely 
to be encountered generally, but the results are of interest in that they 
show how the unstable regions are broadened and shifted so as to 
extend the range of instability to lower values of the ratio of X c0 /X m . 
This effect is consistent with other phenomena observed in connection 
with circuit analysis involving saturable impedance elements. The 
effect of saturation is to broaden the range of abnormality, the broad¬ 
ening effect increasing with increasing abruptness of saturation. 

For line-to-line voltage rated potential transformers connected line- 
to-neutral E = 0.58 and the regions of instability given in Fig. 10*3 
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are 0.013 < X c0 /X m < 0.075 and 0.125 < X c0 /X m < 0.45. Crest 
values of broken delta voltage, line-to-ground voltage, and trans¬ 
former current that may be obtained within these regions are 
given in Fig. 10*7. In the region corresponding to the fundamental- 
frequency broken delta voltage the voltage-to-ground of one phase is 
of small magnitude. The voltages-to-ground on the other two phases 
are approximately equal. Thus line voltages-to-ground as well as the 
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Fig. 10-7. Abnormal voltage and current conditions obtained for the circuit of 
Fig. 10-1. Transformer saturation corresponding to curve 1 of Fig. 10*2. E * 


1/V3 = 0.58; r/X m == 0.0003. -, voltage;-, transformer current. 


broken delta voltage are essentially the same as if a fault were on the 
system. 

In the region corresponding to the one-half frequency broken delta 
voltage condition, the voltages-to-ground are the same in magnitude 
on all three phases. However, an interval of several seconds must be 
considered for this to be true because of the slow “slip” frequency in¬ 
volved as previously described. 

The transformer current values shown in Fig. 10*7 are of interest 
also. In the region of one-half frequency phenomena these currents 
may reach values of 35 times normal magnetizing current in the vicin¬ 
ity of Xco/X m = 0.015. These currents are the same in magnitude in 
all three phases. In this range it might be possible to blow potential 
transformer fuses under such abnormal conditions. In the region of 
fundamental-frequency phenomena the currents are smaller in gen¬ 
eral and, furthermore, the current in one phase is lower than normal. 
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It is a significant fact that, while the voltage conditions in this range 
of X c0 /X m approximate those obtained during a single line-to-ground 
fault, the currents flowing in the wye winding of the potential trans¬ 
former may be 10 or 15 times as high as those obtained during a single 
line-to-ground fault condition, depending on the ratio of X o0 /X m . 

Figure 10*8 shows the results of inserting resistance R in the break 
in the delta secondary. The curves show that the heaviest burden 
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Fig. 10-8. Effect of resistance burden R in the broken delta on regions of instability. 
Saturation curve 1 of Fig. 10* 1. R/X m = 0.0003. Note: The total amount of 
resistance in the delta is three times the amount of R indicated by the curves since 
R/X m is on a per-leg basis. 

(lowest resistance) to ensure stable operation is required when X c0 /X m 
is about 0.02 or slightly less, depending on the normal system operat¬ 
ing voltage. At the lowest point, R/X m = 0.15 for operation at E = 
1.0 and R/Xm — 0.34 for operation at E — 0.58. These values are on 
a basis of resistance per leg in per-unit of magnetizing impedance per 
leg for E = 1.0 on the saturation curves of Fig. 10*2. Therefore the 
curve gives the resistance required per phase for wye-connected sec¬ 
ondaries. The value of impedance required across the break in the case 
of broken delta secondaries as in Fig. 10 T is three times the quantity 
R/Xm of Fig. 10*8. 

The effect of normal operating voltage E on the R/X m ratio required 
for stabilization is shown in Fig. 10*9. It is of importance to note 
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that, as E decreases, the ratio of R/X m required for stability increases. 
The values of Xco/X m used in preparing these curves were purposely 
selected in the range requiring the lowest ratios of R/X m as indicated 
in Fig. 10*8. 

The effect of an inductive reactance burden X L (power factor = 
0.2) is indicated in Fig. 10*10. A lower ratio X L /X m is required for 
stabilization than for R/X m as discussed in the preceding paragraph. 
The ratio X L /X m at its lowest point is 0.04 for operation at E = 1.0 
and 0.28 for operation at E = 0.58. 



Fig. 10-9. Illustration of the relationship between operating voltage and resistance 
burden to obtain stability for various values of capacitive reactance. 

The effect of a leading power factor (capacitive) burden in the break 
in the delta was investigated, and the results indicated that pure 
capacitance was not satisfactory. The same conclusion holds for 
wave traps which were made up of a reactance and capacitance tuned 
to the third harmonic. These were not effective because other compli¬ 
cating phenomena were encountered which were difficult to account for. 
Consequently a resistance burden appears to be the simplest and most 
effective means of ensuring stability by means of a secondary burden. 
Reactance was effective, although a reactance ohmic value would 
have to be smaller than that of a resistance to ensure stability. 

Conclusions. 1. In using wye-grounded primary broken delta- or 
wye-conected secondary potential transformers for metering or re¬ 
laying, it is necessary to consider the amount of capacitance to ground 
that may be permanently or temporarily connected at the terminals 
of the transformer in order to avoid the possibility of abnormal volt¬ 
age conditions brought about by circuit instability which might cause 
incorrect indications of faults. 
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For line-to-line voltage rated potential transformers connected 
line-to-neutral, corresponding to general practice in the application 
of such devices (E = 0.58), the range of possible abnormality is de¬ 
fined approximately by 0.012 < X c0 /X m < 0.6. If a given circuit is 
found to fall within this range, normal behavior can be ensured by: 
(a) adding shunt capacitance to ground on the system side of the 
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Fig. 10-10. Effect of inductive reactance burden Xl (0.2 power factor) in the broken 
delta on regions of instability. Saturation curve 1 of Fig. 10-1. Note: The total 
amount of reactance in the delta is three times the amount of Xl indicated by the 
curves since X^/Xm is on a per-leg basis. 

transformer until the resultant ratio X c0 /X m becomes equal to or less 
than 0.012, or (6) connecting impedance across the break in the 
broken delta secondary or in each phase in the case of a wye-connected 
secondary. If resistance is used, it should have a value per phase 
of 33 per cent of the magnetizing reactance X m per phase or less; if 
reactance is used, its ohmic value per phase should not be greater than 
28 per cent of X m per phase. In either case, X m is referred to the sec¬ 
ondary side in accordance with the transformer turn ratio. The im¬ 
pedances required for stabilization are high enough so as not to inter¬ 
fere with the normal functioning of the device as a fault detector. 
For these criteria, Xoo is the zero-sequence capacitive reactance to 
ground on the wye-grounded side of the transformer and X m is the 
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magnetizing reactance per leg corresponding to E = 1.0 on the satura¬ 
tion curve 1 of Fig. 10*2. 

2. The regions of abnormality as well as the abnormal phenomena 
observed are practically unaffected by resistance in the transformer 
windings or by losses in transformer iron over the range investigated. 

3. Increasing the steepness of the saturation curve tends to increase 
the range of possible abnormal circuit behavior. In particular, the 
region of abnormality is extended to lower values of Xco/X m as the 
steepness of saturation is increased. 

4. For conditions of operation above transformer flux densities cor¬ 
responding to the normal practice of using line-to-neutral connected 
potential transformer with line-to-line voltage rating (E = 0.58), 
abnormal circuit behavior is extended to include a range of 0.01 < 
X c0 /X m < 3.0 approximately for E = 1.0. Furthermore, the imped¬ 
ance in the open delta must be made smaller if stability is to be en¬ 
sured. For E — 1.0, a resistance in the break in the delta not greater 
than 45 per cent of X m (15 per cent of X m per phase) or a reactance 
not greater than 12 per cent of X m (4 per cent of X m per phase) would 
be required to avoid abnormal circuit behavior independent of Xco/X m . 

10*3 THIRD-HARMONIC POWER FROM SINGLE-PHASE FUNDAMENTAL- 
FREQUENCY SOURCE 

In a circuit as shown in Fig. 10*11, it is possible to generate third- 
harmonic voltages of good wave shape from a single-phase funda- 
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Fia. 10*11. Circuit studied to determine the feasibility of generating harmonic 
power, using static impedance elements and a single-phase fundamental-frequency 


mental frequency source. Furthermore, it is possible to deliver third- 
harmonic power to a load (represented by the resistor R in Fig. 10*11) 
with relatively good wave form and with good efficiency. For rela¬ 
tively small capacity requirements, the circuit offers a ready means of 
frequency conversion from fundamental frequency to third harmonic. 
It follows that a second unit appropriately designed could convert the 
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output of the first unit to its third harmonic, thus converting from 
fundamental to ninth in two stages. Three stages would permit con¬ 
version from fundamental to twenty-seventh harmonic, and so forth. 

The material included here will be that obtained by means of 
miniature-system tests converting from a 60-cycle fundamental fre¬ 
quency to a third harmonic of 180 cycles per second. The saturable 
reactor was one having the same per-unit saturation characteristic as 
curve 2 in Fig. 10-2 and is denoted by X m in Fig. 10*11. 

The operation of the circuit is as follows: First consider the re¬ 
actor X m alone connected across a 60-cycle sine-wave source of volt¬ 
age. Because of its non-linear volt-ampere (or flux linkage current) 
characteristic, harmonic currents must flow from the source through 
X m . The harmonic of greatest magnitude is the third, although the 
fifth, seventh, ninth, etc. (all odd frequencies), are present. Now, if 
a small reactor X L which is linear is inserted in series with the reactor 
X m , there will be a voltage of fundamental, third harmonic, and higher 
odd-harmonic frequencies across it. If we put a capacitive reactance 
X c in parallel with X L and adjust it in magnitude so that the parallel 
value of X c and X L prevents, say, the third-harmonic current from 
flowing, then there should be a high third-harmonic voltage appearing 
across this parallel “trap.” Other frequencies would still pass freely 
through the trap, and the voltage across the trap would be predomi¬ 
nantly of third-harmonic frequency. If a load, such as the resistor R 
in Fig. 10*11, is supplied from this source, it would be supplied at pre¬ 
dominantly third-harmonic frequency. 

It will be the purpose of this section to summarize results of in¬ 
vestigating the effects of varying the parameters E , X c , X L , and R. X m 
is taken as 1.0 when E = 1.0 on the saturation curve 2 of Fig. 10*2. 

Figure 10*12 shows the effect of varying the 60-cycle voltage E for 
various values of X C /X L and no load. It is apparent from these curves 
that, in order to get any third-harmonic voltage of useful amplitude, 
the value of E must be above 1.2. For values of E above 1.2, the third- 
harmonic voltage depends on the ratio of X C /X L . The maximum 
voltages are not obtained when the trap is tuned to the third harmonic 
(X C /X L = 9), but when the entire circuit is tuned for the third har¬ 
monic. Therefore, since the saturable reactor is in parallel with X L , 
it is to be expected that the value of X L will always be greater than 
that required to tune X c and X L alone to the third harmonic. For 
this particular value of X c = 0.011, the maximum third-harmonic 
voltage in terms of the circuit-exciting voltage E is obtained for 
X C /X L = 5.5. 
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In Fig. 10*13 the effect of loading the circuit by adding resistance R 
in Fig. 10*11 is shown for X C /X L = 5.5 and X c = 0.011. Voltage 
regulation of the circuit is not good, although, for relatively constant 
load conditions, this need be of only small concern. Figures 10*14 
and 10*15 show corresponding results for X C /X L = 4.89 and 4.4 with 
X 0 = 0.011 for both cases. 



E in per unit 


Fig. 10-12. Effect of E on Vr for various values of Xc/Xl. Xc “ 0.011; no load; 

R — «. 


In Fig. 10*16 the effect of loading is also shown. It is apparent 
from these curves, too, that the voltage regulation is poor. It is also 
apparent from these curves that, for very light loads, an increase in E 
results in a decrease in V R . This is not always true, as shown in Figs. 
10*17 and 10*18. These curves are for values of X c = 0.0055 and 
0.00376, respectively. In each case X L was selected to give the highest 
third-harmonic voltage at no load. The ratio X C /X L required for this 
varies with X c . As X c decreases, the ratio X C /X L for maximum third- 
harmonic voltages increases and in the limit (for X Cl very small) this 
ratio will approach 9.0. 

There is an advantage in making X c small. If X c is very small, 
then the impedance of the trap to fundamental frequency (inductive) 
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Fig. 10 13. Effect of load on Vr. Xc — 0.011; Xc/Xl ~ 5.5. 
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iJ-per unit load impedance 


Fig. 10*18. Effect of E and R on third-harmonic voltage and power output. Xc — 
0.00376; X C /X L - 7.47;-, watts;-, V R . 
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is also small. It follows that the fundamental-frequency voltage 
across the trap is less, and consequently there is less fundamental- 
frequency voltage at the load. 

Similarly there is an advantage in not going to an exceedingly high 
value of E for normal operation. As E is raised, the fundamental- 



Fig. 10-19. Effect of circuit constants on third-harmonic maximum power output. 
From Figs. 10-16, 17, and 18. Curve A , Xc * 0.011, Xc/Xl, ** 5.5; curve B , 
X c - 0.0055, X C /X L - 7.33; curve C, X c - 0.00376, X C /X L * 7.47. 


frequency current increases more rapidly than the first power of E 
because of saturation. Consequently the fundamental-frequency volt¬ 
age appearing across the load may become excessive if E is made 
greater than 1.5. This becomes apparent by inspecting carefully the 
oscillograms in Fig. 10-20 together with information in Table 10-1. 
Figure 10*19 is helpful also in this regard. This figure shows that 
more power for a given E can be obtained for the higher values of X c . 
However, these higher values of Xc result in somewhat increased fun¬ 
damental-frequency voltage. Although no detailed harmonic analysis 
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Fia. 10*20. Typical oscillograms for harmonic power generator shown in Fig. 10*11. 
Refer to Table 10 • 1 for identification. 
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TABLE 10 1 

Identification of Oscillograms 


Oscillogram 

Voltage 

Xc 

Xc/X L 

R 

E 

162-1 

Vr 

0.00376 

7.47 

oo 

1.5 

-2 

Vr 

0.00376 

7.47 

0.0182 

1.5 

-3 

Vr 

0.00376 

7.47 

0.0091 

1.5 

-4 

Vr 

0.00376 

7.47 

00 

1.4 

-5 

Vr 

0.00376 

7.47 

0.0182 

1.4 

-6 

Vr 

0.00376 

7.47 

0.0091 

1.4 

-7 

Vr 

0.00376 

7.47 

00 

1.3 

-8 

Vr 

0.00376 

7.47 

0.0182 

1.3 

-9 

Vr 

0.00376 

7.47 

0.0091 

1.3 

-10 

Vr 

0.0055 

7.33 

OO 

1.5 

-11 

Vr 

0.0055 

7.33 

0.0733 

1.5 

-12 

Vr 

0.0055 

7.33 

00 

1.4 

-13 

Vr 

0.0055 

7.33 

0.0733 

1.4 

-14 

Vr 

0.0055 

7.33 

00 

1.3 

-15 

Vr 

0.0055 

7.33 

0.0733 

1.3 

-16 

* 

0.0055 

7.33 

co 

1.5 

163-1 

Vr 

0.011 

5.5 

00 

1.34 

-2 

Vr 

0.011 

5.5 

0.22 

1.34 

-3 

Vr 

0.011 

5.5 

0.147 

1.34 

-4 

Vr 

0.011 

5.5 

0.073 

1.34 

-5 

Vr 

0.011 

5.5 

00 

1.41 

-6 

Vr 

0.011 

5.5 

0.22 

1.41 

-7 

Vr 

0.011 

5.5 

0.147 

1.41 

-8 

Vr 

0.011 

5.5 

0.073 

1.41 

-9 

Vr 

0.011 

5.5 

00 

1.49 

-10 

Vr 

0.011 

5.5 

0.22 

1.49 

-11 

Vr 

0.011 

5.5 

0.147 

1.49 

-12 

Vr 

0.011 

5.5 

0.0733 

1.49 

-13 

Vr 

0.011 

5.5 

00 

1.24 

-14 

Vr 

0.011 

5.5 

0.22 

1.24 

-15 

Vr 

0.011 

5.5 

0.147 

1.24 

-16 

Vr 

0.011 

5.5 

0.0733 

1.24 


* Note: This shows the voltage across the saturable reactor. 


of wave shapes has been made, it is believed that the evidence indi¬ 
cated by the oscillograms clearly points to the desirability of keeping 
X c as small as possible consistent with size and cost limitations. In 
addition, E should not appreciably exceed 1.5 if freedom from funda¬ 
mental-frequency voltage at the load is of importance. 
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C<mclusion&. A single-phase non-linear circuit of the type studied 
can be used as a third-harmonic power source. The output voltage is 
sinusoidal with a small amount of fundamental frequency and higher 
harmonics superimposed. For some applications this fundamental- 
frequency component may be of importance. In order to keep the 
fundamental-frequency component at a minimum the following sug¬ 
gestions are helpful. 

1. Make X 0 small. 

2. Select X L to give maximum third-harmonic voltage at the lowest 
value of E . This might be termed the optimum combination of E and 
X L for a given X c . 

3. Design the reactor so that, for the normal circuit voltage applied, 
its flux density will not exceed about 1.5 times the value corresponding 
to E = 1.0 in Fig. 10*2. 

4. A closed cycle controller properly designed to control E in order 
to regulate V B and/or, if efficiency is unimportant, to control R as 
parallel load is varied in order to regulate V R conceivably would add 
greatly to the practical usefulness of such a circuit as a source of har¬ 
monic power. 

10*4 REDUCTION OF RESIDUAL FLUX IN A TRANSFORMER 

The problem of transformer inrush current has been the subject of 
much written and oral discussion at various times. With the advent 
of higher silicon steels and cold rolling, residual flux in transformers 
was increased. This increase in residual flux increases the possible 
maximum peak inrush current in accordance with well-known trans¬ 
former theory. With high residual fluxes it is possible for the maxi¬ 
mum peak inrush current during energizing a transformer to approach 
(but not equal or exceed) the peak current that could be obtained for 
a fully offset short-circuit current on the transformer secondary. 

Now a capacitor connected permanently in parallel with a trans¬ 
former can be used to reduce this residual flux to zero and thus avoid 
the extreme possible inrush current condition just mentioned. A com¬ 
plete investigation of all types of transformer steels and lamination 
thicknesses would entail a study far beyond the scope of this book. 
However, the fundamental problem will be outlined, and some repre¬ 
sentative results will be shown which will serve to indicate the fact 
that the values of capacitance that are completely effective in reduc¬ 
ing residual flux to zero are quite critical for any given case. 

Consider a simple circuit arrangement as in Fig. 10*21 (a). With 
the switch closed, the transformer flux-current relationship might be 
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that represented by solid lines in Fig. 10-21(6). If the switch S is 
opened at a normal current zero, say, following a positive half-cycle 
of current, then the residual flux is represented by If there were 
no capacitor present, this flux Vr would remain in the core until some 
future closing of the switch £, at which time there would be a new set 


60 

cycle 

source 

Eft) 



(a) 




Fia. 10-21. Effects of a parallel capacitor in reducing residual flux in a transformer, 
(a) Equivalent circuit; X m , transformer magnetizing reactance; Xc, parallel capacitor 
reactance, (b) t-i relationship for reducing residual flux with smallest possible 
capacitance, (c) \U-i relationship for reducing residual flux with next-larger critical 

value of capacitance. 


of closing conditions. If there is a capacitor present, however, then, 
at the instant of opening switch S at a current zero as specified, this 
capacitor is left with a charge on it corresponding to the crest value of 
E(t). It will discharge, after the switch is opened, through the trans¬ 
former winding. If the circuit could oscillate freely, finally dying 
down to zero voltage, then the residual magnetism would be reduced 
to zero. However, for practical transformer steels the losses (hystere¬ 
sis and eddy current) are so high that the circuit is not very freely 
oscillatory. 
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An inspection of Fig. 10-21(6) suggests that it is not necessary for 
the circuit to be oscillatory to attain the desired objective. All that is 
necessary is that the current caused by the capacitor discharge through 
the transformer winding immediately after the opening of switch S 
shall have a single loop of peak value corresponding to point 6 as 
shown in Fig. 10*21(6). This peak value of current is rather critical. 
However, it might be expected that even a relatively small capacitor 
could accomplish the desired objective. If the capacitor is made 
greater, then the current flow will be too great on the first discharge 



Fig. 10-22. Hysteresis loops for single-phase miniature-system transformers. 

Oscillogram 60-Cycle rms 
Number Voltage 

94-1 110 

94-3 102 

94-5 90 

and reverse residual flux will be left in the core. If the capacitance is 
further increased a reversal of current will also take place, but a 
critical value can be found which will lead to complete elimination of 
the residual as illustrated in Fig. 10 -21(c). This critical value is that 
which will give a first loop designated by 6 and a second by 6'. It 
follows that further increases in capacitance will lead to the discovery 
of other critical values of capacitance which will bring about the de¬ 
sired objective of reducing the residual flux to zero. 

A typical case was worked out on the transient analyzer using the 
saturation curve 2 of Fig. 10-2. Hysteresis loops of this transformer 
are shown in Fig. 10-22. Results of varying the capacitance in parallel 
with the transformer are shown in Fig. 10-23. From these results it is 
clear that there are several distinctly different but critical values of 
capacitance that may be used to reduce residual transformer flux to 
zero. In this particular case, a value of capacitor kva equal to about 
40 per cent of the transformer normal voltage magnetizing kva was the 
smallest capacitance that would accomplish the desired objective. 




Fig. 10-23. Effect of capacitor on maximum transformer magnetizing inrush cur¬ 
rents. Transformer de-energized under normal operating flux density conditions 
leaving the capacitor at normal voltage to discharge through the transformer each 
time before the transformer was again energized at an instant controlled to give 
maximum inrush. Curve A , last half-cycle of current in transformer before switch 
was opened of same polarity as first half-cycle of inrush current; curve B y last half¬ 
cycle of current in transformer before switch was opened of opposite polarity to the 
first half-cycle of inrush current. 



Time interval-degrees 


Fio. 10*24. Effect of resistor switching on inrush currents. Single-phase trans¬ 
former. E — 1.0 on curve 2 of Fig. 10*2. Residual of polarity to give maximum 
inrush. Normal exciting current, 3 per cent. Time lag is interval between closing 
Si and Si- For any given time lag, the inrush given by these curves is the maximum 
possible for the conditions specified. 
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Whereas this curve is only for a particular value of residual flux 
Vr corresponding to E = 110 volts, it was found in the miniature- 
system tests that the effectiveness of the given transformer and ca¬ 
pacitor combination was relatively insensitive to the value of residual 
flux at the opening of the switch S. It is also not noticeably sensitive 
to the amount of transformer winding resistance for representative 
power and distribution transformers. 

Another method of reducing the effects of residual flux in a trans¬ 
former consists of an arrangement as shown in Fig. 10*24. The trans¬ 
former and the operating conditions were the same as in the preceding 
case. If Si is closed first and S 2 is closed last, then the effects of the 
residual flux are eliminated. In fact, inrush currents can be reduced 
quite completely by proper proportioning of the resistor R relative 
to the value of X m . The time interval between the closing of Si and 
S 2 is also important as shown by the curves. The values of R shown 
are in per cent of X mj with the time interval in electrical degrees based 
upon 60-cycle frequency. 

10-5 TRANSFORMER INRUSH CURRENTS-EFFECTS OF PARALLEL OPERA¬ 
TION 

Although inrush current phenomena associated with the energizing 
of one transformer are well understood, there are certain elements of 
uniqueness sometimes encountered when one transformer is suddenly 
energized in parallel with another which was already in operation. In 
one instance, such tests on an actual system showed that, when one 
transformer was carrying light load and a second transformer (un¬ 
loaded) was switched pn in parallel, the line currents exhibited char¬ 
acteristics indicative of high saturation of the transformer cores which 
sometimes persisted for several seconds. One oscillogram showed a 
current equal to full load current still flowing but decaying very gradu¬ 
ally after slightly over one second. 

As an explanation, it was suggested by the late L. F. Blume that 
possibly external resistance (R in Fig. 10*25) in the system was caus¬ 
ing a sufficient d-c voltage drop to result in a building up of current in 
the transformer already energized simultaneously with the decay of 
inrush current in the unit being energized. The result of such an 
occurrence would be a circulating d-c current in the windings of the 
transformers so that they would both be saturated, but each with a 
different polarity. This would cause a large symmetrical current in 
the line, indicative of saturation of both polarities, which would be in 
evidence as long as the d-c circulating current persisted in flowing in 
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the windings. Since the time constant of this d-c current would be 
very large, it might take a long time for evidence of its presence to 
disappear from the line currents even though there might be quite high 
resistance in the system. 

Such a phenomenon, it has since been shown, is characteristic of 
even a single-phase arrangement as shown in Fig. 10*25. It is also 
characteristic of any three-phase circuit where transformers are being 
energized in parallel. It is not characteristic of any three-phase cir¬ 
cuit when a single transformer bank is being energized regardless of 
the connection of the windings, i.e., whether wye-wye, wye-delta, 



Fig. 10-25. Equivalent circuit for illustrating the effects of magnetizing inrush 
currents when transformers are operated in parallel. 

delta-delta, delta-wye, or open delta with or without the neutral points 
grounded. This is of particular importance from the standpoint of 
relay application because it indicates that, as far as correct relay oper¬ 
ation is concerned, the only requirement is that current transformers 
be placed in the lines going to each transformer. It is not necessary 
to install current transformers inside a delta winding. 

For the purpose of analysis, consider the circuit arrangement shown 
in Fig. 10*25. The circuit might be thought of as a substation or 
source supplying a load through a line represented by R and L. One 
transformer represented by L x is already energized. The second one 
represented by L 2 will be energized by closing switch S. Now, in 
transformers, L x and L 2 are not constants, as has been pointed out and 
is well known. However, insight is gained by considering both L x and 
L 2 constant for preliminary purposes. 

The differential equations for the loop currents flowing are: 

e(p) = ii(p)[R + ri + (L + Li)p) - i 2 {p)(r x + Lip) [10-1] 

0 = — z’i(p)(ri + Lip) + t 2 (p)[ri + r 2 + (L x + L 2 )p ] [10*2] 

These equations, when solved, yield for the current in L x already 
connected to the bus 
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1*1 — i 2 = Ai sin (o)t + 0 — <t> i) + A 2 sin (0 — ai)e~ hli 

+ A 3 sin (0 - aa)*" 6 * [10*3] 

and for the transformer being connected 

i 2 == sin (&4 4“ 0 — ^> 2 ) 4” sin (0 — ofi)« blt 4“ B% sin ( 0 — a 2 )€ *** 

[10-4] 

The current in the line is the loop current which is the sum of equa¬ 
tions [10*3] and [10*4]. 

Equations [10*3] and [10*4] give the currents which flow after the 
switch S is closed, assuming that the voltage on the hies is E sin (c ot 4- 0). 
In these equations 
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<£1 = impedance angle of 


<f> 2 = impedance angle of 


z 2 (Z + gi) 

(ZZ\ + ZZ 2 "|“ Z 1 Z 2 ) 

z + z x 

Z 1 Z 2 ~1“ ZZ\ -f ZZ 2 


The steady-state portion of the foregoing is of little interest. The 
transient terms are of special significance, however. First, consider 
bi and 62 , the two time constants involved. If it is assumed that 
L\ = mL 2 and = mr 2 , which is not unreasonable for practical cases 
involving transformers of the same voltage rating and comparable kva 
ratings, then it can be shown that 



and 

_ R + [mr 2 /(l + m)) 

2 L + [mL 2 /( 1 + m)] 

Thus the decay of the d-c transient component in the external series 
circuit is partly controlled by the system resistance R and the parallel 
value of Li and L 2 , whereas the parallel d-c transient is largely con¬ 
trolled by the time constant of the loop resistance + r 2 and the loop 
inductance L x -f L 2 or, as shown above, r x and L x . It follows that 
in a representative case, hi is small and b 2 is large. While the series 
external circuit causes the initial inrush current to decay rapidly in 
accordance with the time constant l/fc> 2 , at the same time a d-c current 
is being built up in Li so that, when the external circuit d-c transient 
has disappeared, there is a trapped circulating d-c current which does 
not depend on R for its rate of decay, but only on the resistance and 
inductance of the loop. This transient has a long time constant 1 /bi 
and may be on the order of seconds for the practical transformer con¬ 
stants. 

Although this analysis affords insight into the mechanism of the 
phenomenon, it is only qualitative at best. It should be emphasized 
that only a small amount of d-c need be trapped in the loop to cause 
transformer saturation. Therefore the effects of a small amount of 
trapped d-c are greatly amplified in the external series circuit in prac¬ 
tical transformer circuits. 
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It can be shown that the amount of circulating or trapped d-c cur¬ 
rent depends essentially on the ratio Lx/L 2 . If r x = r 2 = 0, then the 
trapped current is (with L negligible) 

Exn&x cos B L max L 2 cos B 
<*>(L 2 H~ Li) coL 2 (L 2 + Li) 

This is, of course, a maximum when cos 0 = 1. The maximum d-c 
inrush is recognized as being E mttX /o)L 2 . Therefore, the part of this 
that is left to circulate is L 2 /{L 1 + L 2 ) and, as L 2 increases, more of 
the available inrush current is trapped in the loop. In the extreme 
case, as L 2 /Li becomes very large, practically all the available d-c 
inrush will circulate as a trapped d-c current. Thus, if one trans¬ 
former bank is being energized in parallel with ten others already ener¬ 
gized, most of the d-c inrush to this one transformer will continue to 
circulate between the one transformer in series with the other ten 
units as a group in parallel. 

10-6 EFFECT ON HYSTERESIS LOOPS OF SIMULTANEOUS EXCITATION 
AT TWO FREQUENCIES 

It has been known for some years that, when two fluxes varying 
sinusoidally at different frequencies are superimposed, the hysteresis 
loss is largely supplied by the higher-frequency component. If the 
second frequency is made very high in comparison with the first, then 
essentially all the hysteresis loss is associated with this higher fre¬ 
quency, whereas there is essentially none associated with the lower 
frequency. This fact has special significance in connection with cer¬ 
tain designs where losses are to be minimized for reasons of accuracy 
of a device, for example, a current transformer. It is desirable to 
minimize ratio and phase-angle errors in such devices, but hysteresis 
losses prevent maintaining good accuracy over the lower end of the 
current range. If hysteresis losses could be supplied from another 
source, an obvious extension of the range of current values over which 
accuracy could be maintained would result. 

It is the purpose of this section merely to show how the effects of 
two simultaneous sources of excitation can be studied in detail, a 
cathode-ray oscillograph being used for the purpose of disclosing the 
resultant modified hysteresis loops. 

Consider the circuit arrangement of Fig. 10*26. With the winding 
on the middle leg unexcited, and with the capacitor and resistor cir¬ 
cuits as shown, one can observe the normal hysteresis loop of the trans- 
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former on the screen of a cathode-ray oscillograph. If the two wind¬ 
ings on the outside legs are wound with equal turns, then there is no 
flux in the middle leg, provided that the core is symmetrical about 
the center line of the middle leg. Therefore, there is no voltage in¬ 
duced in the coil on the center leg due to excitation on the outer leg 
windings as shown. 



CRO 

Fig. 10*26. Arrangement for obtaining hysteresis loops for transformers with 
simultaneous excitation at two frequencies. 

If now the outside winding is unexcited and the inside winding is 
excited, then there would be no voltage induced across the outside 
winding input terminals because the windings are wound in such a 
way that the voltages induced in each outer leg are in opposition to 
each other. Yet there is flux in both outside legs as well as in the 
center leg due to this excitation. 

If both circuits are excited simultaneously, then, although there is 
no mutual coupling between the two circuits, there is a superposition 
of fluxes in the two outside legs and the hysteresis loop now traced out 
on the cathode-ray oscillograph screen would portray the effect of the 
excitation of the middle leg. If this middle leg is excited at a higher 
frequency (say, 180 cycles as shown in Fig. 10*26), then the area of 
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the resultant hysteresis loop should * be noticeably reduced. The 
amount of this reduction in area is a measure of the extent to which 
hysteresis loss of the transformer core has been reduced by the super¬ 
position of the higher-frequency flux. 

4 > 

&-> 

164-1 164-2 164-3 164-4 


<p $ 

164-5 164-6 164-7 164-8 


Cj' ‘ L_Y 1 C/' LT' 

164-9 164-10 164-11 164-12 


4 > 

164-13 164-14 164-15 164-16 

Fig. 10*27. Oscillograms showing hysteresis loops for transformers with simul¬ 
taneous excitations at two frequencies. See Table 10 • 2 for identification. 

No detailed results can be included here, but it is desirable to in¬ 
clude some illustrations. In Fig. 10-27 are some oscillograms that 
show the effects outlined. Table 10-2 identifies these oscillograms and 
gives the flux densities for each excitation in each case. A miniature- 
system transformer having a saturation curve similar to that of Fig. 
10-2 was used. The salient feature of these oscillographic hysteresis 
loops is the fact that the area of the loop is reduced by impressing 
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an additional high-frequency excitation on the core. This is clearly 
apparent from an inspection of the oscillograms. 


TABLE 10-2 

Identification of Oscillograms 


Oscillogram 

#60 

60-Cycle 

Flux Density 

Em 

Equivalent 
180-Cycle 
Flux Density 

164-1 

5.8 

3.2 kilolines/sq in. 

0 

0 

164-2, 3, 4, 5, 6 

5.8 

3.2 kilolines/sq in. 

75 

26 kilolines/sq in. 

164-7 

11.0 

6.1 kilolines/sq in. 

0 

0 

164-8, 9, 10, 11 

11.0 

6.1 kilolines/sq in. 

75 

26 kilolines/sq in. 

164-12, 13, 14, 15, 16 

11.0 

6.1 kilolines/sq in. 

150 

52 kilolineB/sq in. 


The exact shape of the loop depends on the phase relationship ex¬ 
isting between the fundamental and third-harmonic frequency. The 
records shown are photographs taken at various instants of time to 
show what the range of loop shapes might be. Each record corre¬ 
sponds to a definite phase relationship, but the group of records for 
each set of parameters shows the range of loop shapes encountered if 
“slip” is present, i.e., if the high-frequency excitation is not an in¬ 
tegral multiple of the fundamental frequency. Slip was present for 
this study, and hence pictures taken at various instants gave a variety 
of loop patterns. However, it was not feasible to determine the phase 
relationship existing between the two excitations corresponding to each 
record. Enough records were taken so that the deviations are well 
illustrated. 

It is significant that, whereas the shapes of the resultant hysteresis 
loops change with phase relationship between the two sources of exci¬ 
tation, the area of these loops is not altered appreciably. The area 
seems to be relatively independent of this phase relationship. This is 
in agreement with the unpublished findings of B. M. Smith. His de¬ 
tailed results of a large number of tests showed that excitation losses 
on the low-frequency side were essentially independent of phase rela¬ 
tionship between fundamental- and higher-frequency harmonic volt¬ 
age sources. 

The reduction in area of the hysteresis loops when high-frequency 
excitation is impressed is not so great for this miniature transformer as 
is obtained in a large power transformer. The reason for this lies 
apparently in the fact that, in the miniature transformer, eddy current 
losses are a higher percentage of total losses than would be true for 
an actual full-scale transformer. 
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10-7 BLOWING POTENTIAL TRANSFORMER FUSES DURING CLEARING 
OF GROUND FAULTS 

In the operation of power systems, fuses in potential transformer 
circuits have been known to blow without any immediately apparent 
reason. In systems that are grounded through high neutral impedance 
it seems that such fuses could blow on an unfaulted phase following 



(a) 



Fig. 10-28. Effect of line-to-ground fault on line-to-ground potential transformer 
magnetizing currents in high-impedance neutral grounded system, (a) Simplified 

equivalent circuit. (6) Voltage-time relationships: -, before fault;-, 

during fault. 


the occurrence of a line-to-ground fault on the system. There are 
distribution systems in the lower voltage classes that are operated with 
high neutral grounding impedance and that have potential transform¬ 
ers connected from line-to-ground for metering or other purposes. 

For the purpose of illustration, consider a system grounded through 
high neutral impedance. For simplicity, let the system consist of an 
equivalent generator with neutral reactance as shown in Fig. 10-28. 
For further simplicity of illustration, let the reactance of this equiva¬ 
lent generator be negligible. Let there be potential transformers con¬ 
nected from the terminals of this generator to ground as shown; there 
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might be a large number of these at appropriate buses in an extensive 
system. 

Let the three per-unit voltages to neutral be 
e a = sin^ 



[10*5] 


When a fault to ground occurs on phase a, the voltage on that phase 
drops to zero. The voltages on phases b and c become 

= e b — e a = \^3 sin f t 
\ 

5t\ 

~ t) 

[10-6] 

6/ 

e c ' = e c — e a = sin (t 

The relationship between the voltage and 
of the potential transformers is 

flux linkages in any one 

d* 

&a,b,c = a, b f c 

at 

110-7] 

or 

ft* 

4^a,b t c I C 0( 6,c dt 

Jti 



Before the fault, taking phase 6 as an example, 

r +2*/3 / 2 T\ 

* 6=1 sin [t - )dt = 2 [10*8] 

J 2*/3 \ 3 / 


gives the change in flux linkage from the time of a voltage zero to the 
time of the next subsequent voltage zero in phase b. This corresponds 
to the maximum change in flux linkages occurring under steady-state 
conditions and simply means that the flux has changed from its normal 
maximum negative value 1.0 to its normal maximum positive value 
1 . 0 . 

Now from Fig. 10*28 it is apparent that, if a fault occurs on phase a 
at such an instant that the transformer on phase b is subjected to a 
flux change corresponding to the area under the e b curve from t\ to tz 
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and the area under the et curve from f 2 to then the flux change from 
the instant of voltage zero on phase b at t = t\ until the next subse¬ 
quent voltage zero on phase b is 

- jTsin t dt + sin ~^jdt = 3.73 [10-9] 

This value of change of flux linkages in the potential transformer 
in phase b means that the flux changed from a normal maximum nega¬ 
tive value —1 to a positive maximum value 2.73. Therefore at 
t = £ 3 , the potential transformer has 2.73 times normal flux in it and 
it may be oversaturated, thus requiring a high magnetizing current 
which may be sufficient to cause the transformer series fuse to blow. 
Of course, if the transformer is designed to operate at such a low flux 
density normally that even 2.73 times normal flux does not appreciably 
saturate the core, then there is no excessive current required. 

An inspection of the preceding equations and Fig. 10*28 reveals 
that, although phase c is also subjected to an excess of flux linkages, 
the excess in phase b as analyzed is greater. 

There are systems that can cause further amplification of this 
effect. For instance, a system with high neutral grounding resistance 
and a great deal of cable and overhead line (giving a large zero- 
sequence capacitance) may have a zero-sequence impedance viewed 
from the fault location which has a negative reactive component. For 
such cases, the unfaulted phase voltages-to-ground may be greater 
than 1.73 times normal leg voltage as the curves of Chapter 1 show. 
To the extent that these unfaulted phase voltages exceed the value 
1.73, there is a further amplification of the flux linkages in the un¬ 
faulted phases when a single line-to-ground fault occurs. 

It is impossible to summarize completely in this chapter, and in 
this book, detailed results for all non-linear circuits that have been 
studied. It is hoped that this chapter will serve merely to point out 
problems that require further investigation, from both a laboratory 
or miniature-system and analytical approach. No book is ever com¬ 
plete. It seems more appropriate to consider the material in this 
chapter as evidence that the broad subject of Transients in Power 
Systems is an active one and that operating experiences and new sys¬ 
tem design practices will require a continued awareness and increased 
understanding of such phenomena. 
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APPENDIX I 

Effect of Saliency on Overvoltages During Faults— 
Details of Analysis 


A1 • 1 NOMENCLATURE 


xi 

Xad 

Xf 

Xaq 

Xd 

Xq 

Tkd 

r kq 

Xkd 

Xkq 

id 

iq 

Xd" 

*q" 

X* 


y 

X 

Xad' 

Xffd 

X e 


armature leakage reactance. 

mutual reactance of armature direct-axis winding with field or amort is- 

seur winding. 

field leakage reactance. 

mutual reactance of armature and amortisseur quadrature-axis wind¬ 
ings. 

direct-axis transient reactance, 
quadrature-axis synchronous reactance, 
direct-axis amortisseur resistance, 
quadrature-axis amortisseur resistance, 
direct-axis amortisseur leakage reactance, 
quadrature-axis amortisseur leakage reactance, 
direct-axis armature current, 
quadrature-axis armature current, 
direct-axis subtransient reactance, 
quadrature-axis subtransient reactance, 
external reactance. 


2 

Xd" + x q " 
2 


XgdXf 

X/fd 


Xd' ~ X|. 


Xad Xf -■ field self-reactance, 
capacitive reactance. 


ad —-: — direct-axis amortisseur decrement factor. 

Xhd + Xad 


«« 


XUoq 


quadrature-axis amortisseur decrement factor. 
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Xkkq - Xaq + £*$ = quadrature-axis amortisseur self-reactance. 
e a — line-to-neutral armature voltage of the unfaulted phase. 
0 = 0o + t s angle between direct axis and phase-a axis. 
to', '!'<& — components of direct-axis armature flux linkage. 
tqi — components of quadrature-axis flux linkage. 


Subscripts 1, 2, 0, a, p refer to positive, negative, and zero sequence, and to a and 
P components. 

Subscript e refers to external circuit. 

H li II 

voltage. 

current. 

impedance. 


Al-2 

EQUATIONS FOR DIFFERENTIAL ANALYZER 


The equations as set up on the differential analyzer were: 



= —Xd'id + Pd2 

A[1 • 1] 


Pd2 = (Xd ~ Xd")ld ~ ad Jtd2 dt 

A[1 - 2] 

where 

Tkd 

ad = , , 

Xkd I X a d 



X a dXfd 

Xad = 

Xffd 






= initial value of \p d 2 



'Pq = Xqlq “f" Pq2 

A[l-3] 


y Pq2 = (Xq X q )i q °t q ^\p q 2 dt 

A[1 -4] 

where 

Tkq 

<*q = - 

Xkkq 



*Pq2Q = 0 



id =J (rJd + iq) dt + J*e 0 d(sin 6) 

A[1 -5] 


iq - J' (r a i t — id) dt +Ji e a d{ cos 6) 

A[1 *6] 
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where 


IdO -- 

X e 


filO - 0 


«ao = ~ sin do 


i, o = o 


II 

0 »IS ; 

+ 

Xd 

X c > 

c 0 = Jx c idd(ain 6) + 


Xkd 


KXkd + Xad 


?) 


All-71 


It will be noted that these equations are in an integral form similar 
to those of reference 9, Chapter 2. Moreover, the initial conditions are 
in a simplified form valid only for reasonably small r a , since for the 
range of line resistance covered in this investigation the load angle h 
of the machine was usually negligible and the terminal (i.e., at the 
terminals of the capacitance) voltage e a before the short circuit oc¬ 
curred could consequently be expressed as: e^o = 1, c«h> = 0. 

In a few cases it was necessary to take into account the initial 
value of i Q} which could be found by the formula 


sin 5 

iqo ==- A[1 -8] 

X e 

where from reference 10 of Chapter 2 


tan h — - 

x c - x q 

Equations A [1*1] to A [1-7] may be derived from Park’s syn¬ 
chronous-machine equations (reference 11, Chapter 2), in exactly the 
same manner as were the equations of reference 9, Chapter 2, and so 
they need not be derived here. It should only be pointed out that in 
equation A[1-5] the expression e 0 d(sin 0) = e a cos 0 dt = e* dt , and 
similarly for the similar expressions of equations A[1*6] and A[1*7]. 
This substitution was made in order to obtain the most desirable 
analyzer setup. 

With the equations expressed as above, eight integrators are seen 
to be required. In addition, the two remaining integrators were used 




Integrators 

Fig. Al*l. Differential analyzer connections. 
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to generate the required sinusoidal functions sin 0, cos 6 , and so the 
setup was entirely self contained and required no operators. Figure 
A1 • 1 shows a schematic diagram of the analyzer connections. Figure 
A1 • 2 shows the General Electric Differential Analyzer. 



Fig. Al-2. General Electric Differential Analyzer. 


AD 3 EQUATIONS FOR CALCULATION OF OVERVOLTAGES 

The equations of an ideal synchronous machine with any static 
terminal impedance under the conditions that (1) all rotor resistances 
are negligibly small, (2) the external circuit parameters are constants, 
(3) the external circuit is symmetric about phase a of the synchronous 
machine, and (4) the rotor speed is constant are most simply and 
conveniently expressed for the present purpose as: 

e a = ~ [p(x + y cos 26) + r]i a — py sin 26ip — Z a (j})i ae 

ep — —py sin 2 6i a — [p{x — y cos 2$) + r]ip = A[1 *9] 

e 0 = -px o + r]i Q = Z 0 (p)io e 


where 

x » \(xd" + x q ") 
y - l(x d " - x g ") 


A[1 • 10] 
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r = armature circuit resistance 


Z a (p), Zp(p), %o(p) — operational impedances of the external connected 
circuit to the a, /3, and 0 components of cur¬ 
rent, respectively 

i a , ip, i 0 are components of the stator currents defined in terms of the 
phase currents by the equations: 

%a == %ia "3^c 


AUni 

io = 3^0 + &b + \ic 

i ae , ip e , i 0e are the similar currents flowing in the external circuit. 
The currents i a , ip may also be expressed in terms of the direct- and 
quadrature-axis components of current by the equations: 


i a = id cos 6 — i q sin 6 
ip = id sin 6 + i q cos 6 


A [1 • 12] 


i a is the component of armature current which produces a field in the 
axis of phase a of the synchronous machine and may be regarded as a 
current that flows through phase a and splits into two equal parts which 
flow through phases b and c in parallel, ip is the component of armature 
current which produces a field in the common axis of phases b and c 
and may be regarded as a current flowing only through phases b and c 
in series. e a , ep , e 0 are components of armature voltage defined by 
voltage equations similar to equations A[1 • 11] and A[l- 12 ]. In the 
special case of a machine without an amortisseur winding the sub¬ 
transient reactances x/', x q " are replaced by xx q \ respectively. 
Equations A[l*9] are most easily derived from the equations of a syn¬ 
chronous machine (with no external impedance) in terms of direct- and 
quadrature-axis quantities (reference 11 , Chapter 2 ). These are, for 
zero rotor resistances, 


ed = - (; pxd' + r)i d + x q "i q 

A [1 • 13] 

e q = -x d "i d - (px q " + r)i q 

Now, if equation A [1 • 12 ] and the similar voltage equations are applied, 
there are equations A [1 *9] except for the Z a (p), Zp(p) terms. It is now 
evident from a consideration of the circuit and the physical interpreta¬ 
tions of i a , ip, iae, ipe, e a , ep that, if a static network is connected to the 
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machine terminals, the complete equations A[1 -9] are obtained. More¬ 
over, if the network is completely symmetric, there is: 

Za(p) = z fi (p) = Z x (p) = Z 2 (p) A[1 • 14] 

where Zi(p), Z 2 (p) are the positive- and negative-sequence operational 
impedances of the external circuit. 

For a line-to-line fault, as shown in Fig. 2-1, there is 

Za(p) =- A[l* 15] 

V 

and there are no zero-sequence currents or voltages. 

Before the fault let 


e a = — sin (d 0 — <#> + t) 

where <t> is the load angle. Then, from equation A[1 * 11] 
e a = — sin (d 0 — 4> + t) 

= cos (do — <t> + t) 

The fault is equivalent to the application of a voltage at the terminals 
of the machine equal and opposite to e$. Thus when the voltage e$ = 
— cos (d 0 + t) is applied to equations A[1 *9], we obtain the components 
of current caused by the fault. Further the terminal voltage e a is given 
by 

e a = ~i a A[1 • 16] 

V 

and the total resultant is obtained by adding e a to the voltage existing 
before short circuit. If the speed is constant the current may be ob¬ 
tained as follows: 

Equations A[1 *9] may be written 

[p(l + y ' cos 2 d) + r' + Z a '(p)]xi a + ( py ' sin 2 d)zip = 0 

A[1 * 17] 

(py' sin 2 d)xi a + [p(l — y' cos 2 d) + r']xt 0 = cos (^o + 0 
where 



xxx 


It is difficult to obtain a simple finite operational solution to equa¬ 
tions A[1 • 17] because of the presence of the periodic time functions in 
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the current coefficients. However a solution may easily be found by 
expanding the currents in powers of the troublesome coefficient y f about 
y f = 0. We then have 

• // 

• . i • / / i la0 /2 i 

= *«0 + laOV + —— V H- 

A[1-18] 

• // 

ip = ip o + W2/' + ~r v' 2 H- 

« ! 

where the primes on the currents indicate differentiation with respect 
to y' and the subscripts zero indicate evaluation at y ' = 0. 

To obtain z a0 , ipo we have merely to let y f = 0 in equations A[1 • 17] 
and then to solve the resulting two independent equations operationally. 
Next, to obtain i a0 f , ip o' we must (1) differentiate equations A[1 • 17] with 
respect to y\ (2) let y' — 0, (3) substitute for i a0 , ip 0 their values as 
previously found, (4) obtain the operational solution to the resulting 
equation. To obtain i a 0 ", ip o' we proceed in exactly the same way by 
differentiating again and utilizing the previously found values of i a </, 
ipo'. For the general coefficients i a o n \ ipo n ' of equations A[l*18] there 
are the equations, 

[p + r' + Z a '(p)]i a o in ~ iy = -nptCcos^)^^"" 1 ^ + (sin 2 d)ip 0 (n ~ 1) '] 

A[1 • 19] 

[p + r']ipQ n ’ = -np[(sin 2e)i a0 {n ~ iy — (cos2d)ip 0 {n ~ iy ] 

The currents, and consequently the terminal voltage by equation 
A [1*16], are now determined as infinite series of transient and steady- 
state terms which, however, converge rapidly because in the usual 
case y ' is much smaller than unity. Figure 2 • 10 shows for a particular 
case a comparison of voltage calculated by the formulas developed 
above with a curve taken on the differential analyzer and with a step- 
by-step solution of equations A[1-9]. Only the first two terms of 
equations A[1-18] were considered in calculating the points of Fig. 
2*10. 

If only the steady-state (as far as armature transients are con¬ 
cerned) voltage is desired the equations are very much simplified since 
then the currents and voltages appear only as a series of odd-harmonic 
terms and the operational impedances of equations A [1*9] and 
A[l*19] may be replaced by steady-state impedances at the proper 
frequency. Figure 2*9 shows a comparison of maximum overvoltages 
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calculated by this simplified method with the overvoltages obtained 
by the differential analyzer. 

A second method of procedure in solving equations A [1-9] is to as¬ 
sume that currents and voltages of fundamental frequency can be de¬ 
termined with sufficient accuracy by the method of symmetrical com¬ 
ponents. It can be applied to systems of any degree of complexity. 
Since symmetrical components are in general use, the procedure in de¬ 
termining instantaneous currents and voltages following faults will be 
given in terms of symmetrical components, the a- and ^-components 
being used only to pass from direct and quadrature components to 
symmetrical components. An advantage of using a- and ^-compon¬ 
ents over positive- and negative-sequence components is that the rela¬ 
tions among the a and p currents and voltages may be expressed by 
real coefficients. 

The following equations give the relations between the positive- 
and negative-sequence components of currents, voltages, and imped¬ 
ances and the a- and ^-components. 


ia — ial “ 1 “ ia2 
1$ = -jilal ~~ ia 2 ) 
€ a = e a i “j~ e a2 


Vfi * j(&al ^ 02 ) 

ial = \{ia + fifi) 
ia2 ~ \(ia ftp) 
e a i =§(*«+ ftp) 
e a z = U e <* ~ ftp) 

Zp = \{Z X + Z 2 ) 


Z a « 2 


Z\Z 2 


Z\ + Z 2 


\{z x + z 2 ) 

A 


A[l*20] 


Reference Vector. In the method of symmetrical components, sinus¬ 
oidal voltages and currents of fundamental frequency are represented 
by vectors referred to some particular vector as reference. Thus, if 
the voltage e a of phase a at some specified point leads the reference 
vector by an angle a, it is written 

e a = | e« |/a = E a /a 


To express e a as a function of time, let the fundamental-frequency 
component of e a be written 
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e\a — —Ela sin (6 + ai) = E\ a /$ + ati 

and the nth hannonic component of e a 

e na = ~ E na sin (nB + a n ) = E na /n$ + a n 

where 6 is the position of the axis of the rotor of a specified machine in 
electrical degrees measured from the axis of phase a. 

The following expressions for instantaneous values of currents and 
voltages of any frequency will be used interchangeably, 

— V sin (nB ± a) = V /nB ± a 

V COS (nB ± a) = —jV/nd ± a = V / nB ± a — 90° 

±jV sin (nB + a) = V sin (nB + « ± 90°) = ±V cos (nB + a) 

±jV cos (nB + a) = V cos (nB + a ± 90°) = sin (nB + a) 

Let 

inai — positive-sequence nth harmonic current' 

= jlnai /nB + am = I nal cos (nB + am) 

A[1 -21] 

t na2 = negative-sequence nth harmonic current 

“ jlna2 /n^ "j- <X n 2 = Ina2 COS (nB ~f“ OL n 2 ) 


where a n i and a n2 are determined by the system impedances, type of 
fault, and load angle. 

Generated Voltages . When x q " = Xd ", currents and voltages follow¬ 
ing faults will in the general case have a fundamental-frequency term, 
one or more natural-frequency terms, and a d-c term. These can be 
determined by applying a voltage at the fault equal and opposite to 
that which existed there before the fault and adding resulting changes in 
currents and voltages to initial values. When x q " xj', additional 
voltages are generated. From equations A[l *9] the voltages generated 
by sinusoidal currents i a and ip of any frequency are 

e a = —py (cos 2 9i a + sin 2 dip) 

H = ~py( sin 2 6i a — cos 2$ip) 

Replacing i a and ip in equations A[1 *22] by their positive- and negative- 
sequence values from equations A[l-20] and substituting for them the 


A[1 -22] 
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expressions in equations A[l-21], positive- and negative-sequence volt¬ 
ages generated in a given machine can be determined as follows: 

e a * — w[fnoi{cos 20 cos (n0 + o„i) + sin 20sin (n0 + a»i)}' 

+ Ina 2 {cos20cos (n0 + a« 2 ) — sin20sin (n0 + 0 * 2 )}] 

- ~py[I na i cos {(n - 2)0 + a Bl } 

+ Ina2 COS {(« + 2)0 + a n2 }] 

= (n - 2)ylnai sin {(n - 2)0 + a„i} 

+ (n + 2)y/ Bo2 sin {(n + 2)0 + a„ 2 } ^ ^ 

e ff = — Pi/Unai {sin 20 cos (n0 + am) — cos 20sin (n0 + am)} 

+ /no 2 {sin 20 cos (n0 + a n2 ) + cos 20sin (n0 + a« 2 )}] | 

= -py[-Inai sin {(n - 2)0 + a„i} 

+ J no2 sin {(n + 2)0 + a n2 }] 

“ (n — 2)yl na \ cos {(n - 2)0 + a„i} 

— (n + 2 )yl na 2 cos {(n + 2)0 + a n2 } 

Ifn £ 2 

jep = -(» - 2)yl„ai sin [(n - 2)0 + a„i] 

+ (n + 2)yl na2 sin [(n + 2)0 + a„ 2 ] A[1 -24] 
c«i - (n + 2 )ylna 2 sin [(n + 2)0 + a n2 ] 

= — (n 4- 2)y/ no2 / (« + 2)0 + a »2 
= (n + 2)y /20 - 90° w 2 A[1 -25] 

e« 2 = (n - 2 )yl na i sin [(n - 2)0 -f a„i] 

= -(n - 2)y/ na i /(n - 2)0 + a Bl 
= (n - 2)y /—20 - 90° t nal A[1 -26] 

If n = 1 

e«i = y/»ai sin (0 - am) = ~yha\ /± - an = y /-2a u - 90° i lol 

«a2 = o A[1 • 27] 

From equations A[l*25], A[1 *26], and A[l-27], positive- and nega¬ 
tive-sequence voltages generated by harmonic current without decre¬ 
ments can be determined. 
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Steady State . Since zero rotor resistance has been assumed in the 
direct and quadrature axes, there will be no field decrements and 
fundamental-frequency and odd-harmonic terms of currents and volt¬ 
ages will have no decrements. Natural-frequency and even-harmonic 
terms will disappear in the steady state. 

Table A1 • 1 gives the positive- and negative-sequence odd-harmonic 
voltages generated by positive- and negative-sequence odd-harmonic 
currents. 

TABLE AM 

Positive- and Negative-Sequence * Odd-Harmonic Generated Voltages 

Positive-Sequence Odd-Harmonic Voltages Generated in Machines by 
Negative-Sequence Currents 

«8ai = 3j/Jio 2 sin (30 ■+* a 12 ) = — 3y/ 1 <» 2 /30 -f- a ?2 = 3y /20 — 90° i \ a 2 
« 6 ol — 5yha2 sin (50 + a32) = —5yha2 /50 + «23 = by /20 — 90° isa2 
C 7 ai * 7t// 6 a2 sin (70 + a52) = — 7yha2 /70 «25 = 7y /20 — 90° t*5a2 

eoai » 9 j// 7 o 2 sin (90 -f 072 ) = — 9y/7 O 2 /90 -f «27 = 9y /20 — 90° ^2 

Negative-Sequence Odd-Harmonic Voltages Generated in Machines by 
Positive-Sequence Currents 

«la2 ” yhal sin (0 -f- a 3 i) = —yha\ /9 + «31 = y /~20 — 90° 7*3al 
«3a2 = Qylftal sin (30 + «5l) = Syhal /SO 4“ «51 = 3y / — 20 — 90° Iftai 

6502 ** 5j//7ai sin (50 -f <* 71 ) — —byli a i /b0 H- «7i = by / — 20 — 90° iV a i 

C 7 a 2 “ 7j//9ai sin (70 + at9i) — —7yl^ a \ /70 -f- agi — 7y /—20 — 90° t 9 a i 


Procedure in Determining Steady-State Values of Currents and 
Voltages Following Faults. Assuming zero resistance in the field for 
machines without amortisseur windings and also in the amortisseur 
for those with amortisseur windings, the procedure for determining 
currents and voltages in the steady state following faults is as follows: 

1. Calculate currents and voltages of fundamental frequency in the 
system by means of symmetrical components. Since it has been as¬ 
sumed that fundamental-frequency currents and voltages are deter¬ 
mined with sufficient accuracy by this method, voltages of funda- 

* a and 0 voltages when required can be obtained from Table Al • 1 and equations 
A[1 20]. 
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mental frequency generated in machines in which ^ x g " will be ne¬ 
glected. 

2. From the negative-sequence current flowing in machines in which 
Xd"/%q", determine the third-harmonic positive-sequence generated 
voltages from Table Al*l. 

3. From the third-harmonic positive-sequence generated voltages, 
determine by symmetrical components the third-harmonic voltages 
and currents in the systems, assuming positive- and negative-imped¬ 
ance of the synchronous machines to third-harmonic currents to be 
3 x 2 . x 2 may differ slightly from the fundamental-frequency value. 

4. From the negative-sequence third-harmonic currents flowing in 

machines in which determine from Table Al-1 the fifth- 

harmonic positive-sequence generated voltages. 

Proceeding in this manner, odd-harmonic currents and voltages can 
be determined at any point of the system. 

It is also possible to calculate the transient voltage caused by odd- 
harmonic currents and, by using the natural frequency and even- 
harmonic currents in equations A[1*22], to calculate the generated 
transient voltages and from them in turn the resulting terminal over¬ 
voltages. 

Al-4 EQUIVALENT CIRCUITS FOR VARIOUS TYPES OF FAULTS 

Let i a , ib, and i c be phase currents flowing into the fault; Z 0 (j>) the 
zero-sequence impedance viewed from the fault; e a , e&, and e c the phase- 
to-ground voltages at the fault, e a , ep, and e 0 their a-, 0-, and 0-compo- 
nents, respectively. 

Line-to-Ground Fault . (Phase a). Conditions at the fault are: ib = i e 
= 0; e a = 0. 

From equations A[l*ll] ip = 0; i a = 2z 0 ; e a = — Co¬ 
lt follows that 

Z 0 (p) 

-6o = Z 0 (p)io = ia = e« A[1 -28] 

2 

From equation A[l*28] the equivalent circuit to replace the fault in 
ct-network is Z 0 (p)/ 2. When xj' = x q ", the ^-network is not involved, 
ep is not changed by the fault, and e a and e 0 have only fundamental- 
and natural-frequency terms. In machines in which x/' ^ x q ", funda¬ 
mental-, harmonic-, and other frequency voltages are generated (see 
Section A1 -3) which affect e a , ep, and e 0 . At the fault, since e a = — eo, 
e a , eb, and e c , are: 
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e a = e a + eo = 0 

1 Vs 3 V3 

6b = “ 2 e “ + 60 ~ == 2 e °~ ~2~ 6fi 

3 Vs 

“ — - «a-— eg 


1 \/3 3 Vs 

e* = — - e a + e 0 + eg = - e<> + eg 

3 V3 

= — - e a H—— ep 

2 2 


A[l*29] 


Line-to-Line Fault (Phases b and c). Conditions at the fault are: 
Zj) = ““to %a Oj €}) “* e c . 

From equations A[l *ll] i a = t*o = 0; ep = 0. For a system sym¬ 
metrical before the fault, the zero-sequence network is not involved. 
The /3-network is shorted at the point of fault. The ^-network is un¬ 
affected when Xd " = x q ", but when x d " 9 ^ x q " voltages are generated in 
the machines which affect e a . (See Section A1 -3). At the fault, 


&a — 6<x 


6b — 6 C — ^e a 


A [1 -30] 


Double Line-to-Ground Fault (Phases b and c). Conditions at the 
fault are: i a = 0 ; et> = e c = 0 . 

From equations A[l*ll] ep = 0; e a = 2e 0 ; i a = — iq. It follows that 
2e 0 = —2Z 0 (p)io = 2 Z 0 (p)i a = e a A[l-31] 


The equivalent circuit to replace the fault in the a-network is therefore 
2Z 0 (p). The /3-network is shorted at the point of fault. When x d f = 
x q ", there is no mutual coupling between the a- and /3-networks, but 
when x d " 5 * x q ", voltages are generated in the machines which affect 
e a and e 0 . (See Section A 1 -3.) 

At the fault, 


e a ~~~ 6<x *4“ 6 q —• 3e 0 — ^6<x 
65 = e c ~ 0 


A[1 -32] 


In Figs. 2 16, 2-17, and 2 18 are shown the equivalent circuits for 
line-to-ground, line-to-line, and double-line-to-ground faults at the 
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terminals of a synchronous generator with series impedance connected 
to any symmetrical external system in which the positive- and negative- 
sequence impedances are equal. Zu(v) and Z 0e (p) are the operational 
expressions for the positive- and zero-sequence impedances of the 
external system. r 0 + pz 0 is the zero-sequence impedance of the 
generator. The positive- and negative-sequence impedances of the 
generator to currents of frequencies other than fundamental are approxi¬ 
mately r + px 2 except for very high frequencies. This is also the a 
and /3 impedance to them. 

Except for voltages of fundamental frequency which are determined 
by the method of symmetrical components, the equivalent circuits of 
Figs. 2 • 16, 2 • 17, and 2 • 18 can be used to determine all other components 
of current and voltage. The principal natural-frequency terms are 
calculated by the application of a voltage at the point of fault equal and 
opposite to the initial steady-state voltage. The point of application 
of voltages generated when Xd" 5 * x q " is taken in the machine. 

Resonance to Harmonics. Harmonic voltages are generated in ma¬ 
chines in which Xd" ^ x q ". The external impedance which will cause 
resonance for various types of faults can be determined from the equiva¬ 
lent circuits as follows. 

From equations A[1 -29] and Fig. 2 -16, resonance for a line-to-ground 
fault can occur either in the unfaulted /S-circuit or in the a-circuit. For 
resonance to the nth harmonic in the /3-circuit there is the equation: 

nx 2 = negative reactance component of Z u (p) 

For resonance in the a-circuit 

nx 2 = negative reactance component of 

r 0 + PX o Z 0e (p ) 

---, —-— , and Zi e (p) in parallel 

It is thus possible to have resonance to one harmonic in the a-circuit 
and to another in the /3-circuit. 

For the line-to-line and double-line-to-ground faults resonance can 
occur only in the a-circuit. For the line-to-line fault it will occur when 

nx 2 = negative reactance component of Z u (p) 

For the double-line-to-ground fault, when 
nx 2 = negative reactance component of 

2(r 0 + px 0 ), 2Z 0e (p), and Z u (p) in parallel 
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THE DYNAMICAL THEORY OF SOUND, H. Lamb. Comprehensive mathematical treatment of the 
physical aspects of sound, covering the theory of vibrations, the general theory of sound, and 
the equations of motion of strings, bars, membranes, pipes, and resonators Includes chap¬ 
ters on plane, spherical, and simple harmonic waves, and the Helmholtz Theory of Audition 
Complete and self-contained development for student and specialist, all fundamental differ¬ 
ential equations solved completely Specific mathematical details for such important phenom¬ 
ena as harmonics, normal modes, forced vibrations of strings, theory of reed pipes etc Index 
Bibliography 86 diagrams vm 4- 307pp. 5 3 /fe x 8 S655 Paperbound $ 1.50 

WAVE PROPAGATION IN PERIODIC STRUCTURES, L. Brillouin. A general method and applica¬ 
tion to different problems pure physics, such as scattering of X-rays of crystals, thermal 
vibration in crystal lattices, electronic motion in metals, and also problems of electrical 
engineering. Partial contents elastic waves in 1-dimensional lattices of point masses. 
Propagation of waves along 1-dimensional lattices Energy flow 2 dimensional, 3 dimensional 
lattices Mathieu’s equation Matrices and propagation of waves along an electric line. 
Continuous electric lines. 131 illustrations. Bibliography. Index, xu + 253pp. 5% x 8. 

S34 Paperbound $ 2.00 

THEORY OF VIBRATIONS, N. W. McLachlan. Based on an exceptionally successful graduate 
course given at Brown University, this discusses linear systems having 1 degree of freedom, 
forced vibrations of simple linear systems, vibration of flexible strings, transverse vibra¬ 
tions of bars and tubes, transverse vibration of circular plate, sound waves of finite ampli¬ 
tude, etc. Index 99 diagrams. 160pp 5% x 8 S190 Paperbound $ 1.35 

LIGHT: PRINCIPLES AND EXPERIMENTS, George S. Monk. Covers theory, experimentation, and 
research Intended for students with some background in general physics and elementary 
calculus Three main divisions 1) Eight chapters on geometrical optics—fundamental con¬ 
cepts (the ray and its optical length, Fermat's principle, etc), laws of image formation, 
apertures in optical systems, photometry, optical instruments etc , 2) 9 chapters on physical 
optics—interference, diffraction, polarization, spectra, the Rayleigh refractometer, the 
wave theory of light, etc , 3) 23 instructive experiments based directly on the theoretical 
text “Probably the best intermediate textbook on light in the English language Certainly, 
it is the best book which includes both geometrical and physical optics," J Rud Nielson, 
PHYSICS FORUM Revised edition 102 problems and answers 12 appendices 6 tables Index 
270 illustrations xi + 489pp 5% x 8V2 S341 Paperbound $ 2.50 

PHOTOMETRY, John W. T. Walsh. The best treatment of both “bench" and “illumination” 
photometry in English by one of Britain’s foremost experts in the field (President of the 
International Commission on Illumination) Limited to those matters, theoretical and prac¬ 
tical, which affect the measurement of light flux, candlepower, illumination, etc, 1 and 
excludes treatment of the use to which such measurements may be put after they have been 
made Chapters on Radiation, The Eye and Vision, Photo Electric Cells, The Principles of 
Photometry, The Measurement of Luminous Intensity, Colorimetry, Spectrophotometry, Stellar 
Photometry, The Photometric Laboratory, etc Third revised (1958) edition 281 illustrations 
10 appendices xxiv 4- 544pp. 5V2 x 9V*. S319 Clothbound $ 10.00 


EXPERIMENTAL SPECTROSCOPY, R. A. Sawyer. Clear discussion of prism and grating spectro¬ 
graphs and the techniques of their use in research, with emphasis on those principles and 
techniques that are fundamental to practically all uses of spectroscopic equipment Begin¬ 
ning with a brief history of spectroscopy, the author covers such topics as light sources, 
spectroscopic apparatus, prism spectroscopes and graphs, diffraction grating, the photo¬ 
graphic process, determination of wave length, spectral intensity, infrared spectroscopy, 
spectrochemical analysis, etc This revised edition contains new material on the production 
of replica gratings, solar spectroscopy from rockets, new standard of wave length, etc 
Index. Bibliography. Ill illustrations x + 358pp 5 3 /a x 8V2 S1045 Paperbound $ 2.25 


FUNDAMENTALS OF ELECTRICITY AND MAGNETISM, L. B. Loeb. For students of physics, chem¬ 
istry, or engineering who want an introduction to electricity and magnetism on a higher level 
and in more detail than general elementary physics texts provide Only elementary differential 
and integral calculus is assumed Physical laws developed logically, from magnetism to 
electric currents, Ohm's law, electrolysis, and on to static electricity, induction, etc Covers 
an unusual amount of material, one third of book on modern material solution of wave equa¬ 
tion, photoelectric and thermionic effects, etc Complete statement of the various electrical 
systems of units and interrelations 2 Indexes 75 pages of problems with answers stated. 
Over 300 figures and diagrams xix +669pp 5 3 /a x 8 S745 Paperbound $ 2.75 
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MATHEMATICAL ANALYSIS OF ELECTRICAL AND OPTICAL WAVE-MOTION, Harry Bateman. Written 

by one of this century's most distinguished mathematical physicists, this is a practical 
introduction to those developments of Maxwell’s electromagnetic theory which are directly 
connected with the solution of the partial differential equation of wave motion Methods of 
solving wave-equation, polar-cylindrical coordinates, diffraction, transformation of coordinates, 
homogeneous solutions, electromagnetic fields with moving singularities, etc. Index. 168pp. 
5% x 8. S14 Paperbound $1.75 


PRINCIPLES OF PHYSICAL OPTICS, Ernst Mach. This classical examination of the propagation 
of light, color, polarization, etc offers an historical and philosophical treatment that has 
never been surpassed for breadth and easy readability. Contents Rectilinear propagation of 
light. Reflection, refraction. Early Knowledge of vision. Dioptrics. Composition of light. 
Theory of color and dispersion. Periodicity Theory of interference Polarization Mathematical 
representation of properties of light Propagation of waves, etc. 279 illustrations, 10 por¬ 
traits. Appendix. Indexes 324pp. 5% x 8. S178 Paperbound $2.00 


THE THEORY OF OPTICS, Paul Crude. One of finest fundamental texts in physical optics, 
classic offers thorough coverage, complete mathematical treatment of basic ideas. Includes 
fullest treatment of application of thermodynamics to optics, sine law in formation of 
images, transparent crystals, magnetically active substances, velocity of light, apertures, 
effects depending upon them, polarization, optical instruments, etc. Introduction by A. A. 
Michelson Index 110 illus 567pp 5% x 8 S532 Paperbound $2.45 


ELECTRICAL THEORY ON THE GIORGI SYSTEM, P. Cornelius. A new clarification of the funda¬ 
mental concepts of electricity and magnetism, advocating the convenient m.k.s. system of 
units that is steadily gaining followers in the sciences Illustrating the use and effectiveness 
of his terminology with numerous applications to concrete technical problems, the author 
here expounds the famous Giorgi system of electrical physics. His lucid presentation 

and well-reasoned, cogent argument for the universal adoption of this system form one of 

the finest pieces of scientific exposition in recent years 28 figures Index. Conversion tables 
for translating earlier data into modern units. Translated from 3rd Dutch edition by L. J. 
Jolley, x + 187pp. 5Vz x 8%. S909 Clothbound $6.00 

ELECTRIC WAVES: BEING RESEARCHES ON THE PROPAGATION OF ELECTRIC. ACTION WITH 
FINITE VELOCITY THROUGH SPACE, Heinrich Hertz. This classic work brings together the 

original papers in which Hertz—Helmholtz’s protege and one of the most brilliant figures 

in 19th-century research—probed the existence of electromagnetic waves and showed experi¬ 
mentally that their velocity equalled that of light, research that helped lay the groundwork 
for the development of radio, television, telephone, telegraph, and other modern technological 
marvels. Unabridged republication of original edition. Authorized translation by D. E. Jones. 
Preface by Lord Kelvin. Index of names. 40 illustrations, xvii + 278pp. 5% x 8Vfe. 

S57 Paperbound $1.75 

PIEZOELECTRICITY: AN INTRODUCTION TO THE THEORY AND APPLICATIONS OF ELECTRO¬ 
MECHANICAL PHENOMENA IN CRYSTALS, Walter G. Cady. This is the most complete and sys¬ 
tematic coverage of this important field in print—now regarded as something of scientific 
classic This republication, revised and corrected by Prof Cady—one of the foremost con¬ 
tributors in this area—contains a sketch of recent progress and new material on Ferro- 
electrics Time Standards, etc. The first 7 chapters deal with fundamental theory of crystal 
electricity 5 important chapters cover basic concepts of piezoelectricity, including com¬ 
parisons of various competing theories in the field. Also discussed piezoelectric resonators 
(theory, methods of manufacture, influences of air-gaps, etc), the piezo oscillator, the 
properties, history, and observations relating to Rochelle salt, ferroelectric crystals; miscel¬ 
laneous applications of piezoelectricity, pyroelectricity, etc "A great work," W. A. Wooster, 
NATURE. Revised (1963) and corrected edition New preface by Prof. Cady. 2 Appendices. 
Indices. Illustrations 62 tables. Bibliography. Problems. Total of 1 + 822pp. 536 x 8Vfe. 

S1094 Vol. I Paperbound $2.50 
S1095 Vol. II Paperbound $2.50 
Two volume set Paperbound $5.00 


MAGNETISM AND VERY LOW TEMPERATURES, H. B. G. Casimir. A basic work in the literature 
of low temperature physics. Presents a concise survey of fundamental theoretical principles, 
and also points out promising lines of investigation. Contents: Classical Theory and Experi¬ 
mental Methods, Quantum Theory of Paramagnetism, Experiments on Adiabatic Demagnetiza¬ 
tion. Theoretical Discussion of Paramagnetism at Very Low Temperatures, Some Experimental 
Results, Relaxation Phenomena. Index. 89-item bibliography, ix + 95pp. 5% x 8. 

S943 Paperbound $1.25 


SELECTED PAPERS ON NEW TECHNIQUES FOR ENERGY CONVERSION: THERMOELECTRIC 
METHODS; THERMIONIC; PHOTOVOLTAIC AND ELECTRICAL EFFECTS; FUSION, Edited by Sumner 

N. Levine. Brings together in one volume the most important papers (1954-1961) ih modern 
energy technology. Included among the 37 papers are general and qualitative descriptions 
of the field as a whole, indicating promising lines of research. Also: 15 papers on thermo¬ 
electric methods, 7 on thermionic, 5 on photovoltaic, 4 on electrochemical effect, and 2 on 
controlled fusion research. Among the contributors are: Joffe, Maria Telkes, Herold, Herring, 
Douglas, Jaumot, Post, Austin, Wilson, Pfann, Rappaport, Morehouse, Domenicali, Moss, 
Bowers, Harman, Von Doenhoef. Preface and introduction by the editor. Bibliographies, 
xxviii + 451pp. 6Vfe x 9V4. S37 Paperbound $2.00 



Catalogue of Dover Books 

SUPERFLUIDS: MACROSCOPIC THEORY OF SUPERCONDUCTIVITY, Vol. I, Fritz London. The 

major work by one of the founders and great theoreticians of modern quantum physics. 
Consolidates the researches that led to the present understanding of the nature of super* 
conductivity. Prof. London here reveals that quantum mechanics Is operative on the macro¬ 
scopic plane as well as the submolecuiar level. Contents: Properties of Superconductors 
and Their Thermodynamical Correlation; Electrodynamics of the Pure Superconducting State; 
Relation between Current and Field, Measurements of the Penetration Depth; Non-Viscous Flow 
vs. Superconductivity; Micro-waves in Superconductors; Reality of the Domain Structure; 
and many other related topics. A new epilogue by M J Buckingham discusses developments 
in the field up to 1960. Corrected and expanded edition An appreciation of the author's 
life and work by L. W. Nordheim. Biography by Edith London. Bibliography of his publica¬ 
tions. 45 figures. 2 Indices, xvin + 173pp. 53% x 8 %. S44 Paperbound $ 1.45 


SELECTED PAPERS ON PHYSICAL PROCESSES IN IONIZED PLASMAS. Edited by Donald H. 
Menzel, Director, Harvard College Observatory. 30 important papers relating to the study of 
highly ionized gases or plasmas selected by a foremost contributor in the field, with the 
assistance of Dr. L H Alter. The essays include 18 on the physical processes in gaseous 
nebulae, covering problems of radiation and radiative transfer, the Balmer decrement, 
electron temperatives, spectrophotometry, etc. 10 papers deal with the interpretation of 
nebular spectra, by Bohm, Van Vleck, Alter, Minkowski, etc. There is also a discussion 
of the intensities of “forbidden” spectral lines by George Shorttey and a paper concern¬ 
ing the theory of hydrogemc spectra by Menzel and Pekeris. Other contributors: Goldberg, 
Hebb, Baker, Bowen, Ufford, Liller, etc. viii + 374pp. 6 Vs x 9 V 4 . S60 Paperbound $2.95 


THE ELECTROMAGNETIC FIELD, Max Mason & Warren Weaver. Used constantly by graduate 
engineers. Vector methods exclusively detailed treatment of electrostatics, expansion meth¬ 
ods, with tables converting any quantity into absolute electromagnetic, absolute electrostatic, 
practical units. Discrete charges, ponderable bodies, Maxwell field equations, etc. Introduc¬ 
tion. Indexes. 416pp 5% x 8 . S185 Paperbound $2.00 


THEORY OF ELECTRONS AND ITS APPLICATION TO THE PHENOMENA OF LIGHT AND RADIANT 
HEAT, H. Lorentz. Lectures delivered at Columbia University by Nobel laureate Lorentz 
Unabridged, they form a historical coverage of the theory of free electrons, motion, 
absorption of heat, Zeeman effect, propagation of light in molecular bodies, inverse Zeeman 
effect, optical phenomena in moving bodies, etc 109 pages of notes explain the more 
advanced sections, index 9 figures. 352pp. 5% x 8 . S173 Paperbound $1.85 


FUNDAMENTAL ELECTROMAGNETIC THEORY, Ronold P. King, Professor Applied Physics, Harvard 
University. Original and valuable introduction to electromagnetic theory and to circuit 
theory from the standpoint of electromagnetic theory Contents Mathematical Description 
of Matter—stationary and nonstationary states, Mathematical Description of Space and of 
Simple Media—Field Equations, Integral Forms of Field Equations, Electromagnetic Force, 
etc.; Transformation of Field and Force Equations, Electromagnetic Waves in Unbounded 
Regions, Skin Effect and Internal Impedance—in a solid cylindrical conductor, etc , and 
Electrical Circuits—Analytical Foundations, Near zone and quasi-near zone circuits, Balanced 
two-wire and four-wire transmission lines Revised and enlarged version New preface by 
the author. 5 appendices (Differential operators Vector Formulas and Identities, etc.). 
Problems. Indexes. Bibliography, xvi + 580pp 5% x 8 V 2 S1023 Paperbound $2.75 


Hydrodynamics 


A TREATISE ON HYDRODYNAMICS, A. 0. Basset. Favorite text on hydrodynamics for 2 genera- 
tions of physicists, hydrodynamical engineers, oceanographers, ship designers, etc. Clear 
enough for the beginning student, and thorough source for graduate students and engineers on 
the work of d'Alembert, Euler, Laplace, Lagrange, Poisson, Green, Clebsch, Stokes, Cauchy, 
Helmholtz, J. J. Thomson, Love, Hicks. Greenhill, Besant, Lamb, etc. Great amount of docu¬ 
mentation on entire theory of classical hydrodynamics. Vol I: theory of motion of frictionless 
liquids, vortex, and cyclic irrotational motion, etc. 132 exercises. Bibliography. 3 Appendixes, 
xii + 264pp. Voi II: motion in viscous liquids, harmonic analysis, theory of tides, etc. 112 
exercises, Bibliography. 4 Appendixes, xv + 328pp. Two volume set. 53% x 8 . 

S724 Vol I Paperbound $ 1.75 
§725 Vol II Paperbound $ 1.75 
The set $ 3.50 


HYDRODYNAMICS, Horace Lamb. Internationally famous complete coverage of standard refer¬ 
ence work on dynamics of liquids & gases. Fundamental theorems, equations, methods, 
solutions, background, for classical hydrodynamics. Chapters include Equations of Motion, 
Integration of Equations in Special Gases, irrotational Motion, Motion of Liquid in 2 Dimen¬ 
sions, Motion of Solids through Liquid-Dynamical Theory, Vortex Motion, Tidal Waves, Surface 
Waves, Waves of Expansion, Viscosity, Rotating Masses of liquids. Excellently planned, ar¬ 
ranged; clear, lucid presentation. 6 th enlarged, revised edition. Index. Over 900 footnotes, 
mostly bibliographical. 119 figures, xv 738pp. 6 V% x 9 V 4 . S256 Paperbound $ 3.75 
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HYDRODYNAMICS. H. Drytfen, F. Murnaghan, Harry Bateman. Published by the National 
Research Council in 1932 this enormous volume offers a complete coverage of classical 
hydrodynamics. Encyclopedic in quality. Partial contents, physics of fluids, motion, turbulent 
flow, compressible fluids, motion in 1, 2, 3 dimensions; viscous fluids rotating, laminar 
motion, resistance of motion through viscous fluid, eddy viscosity, hydraulic flow in channels 
of various shapes, discharge of gases, flow past obstacles, etc. Bibliography of over 2,900 
items. Indexes. 23 figures. 634pp. 5% x 8. S303 Paperbound $2.75 


Mechanics, dynamics, thermodynamics, elasticity 


MECHANICS, J. P. Den Hartog. Already a classic among introductory texts, the M.l.T. profes¬ 
sor's lively and discursive presentation is equally valuable as a beginner’s text, an engineering 
student’s refresher, or a practicing engineer’s reference. Emphasis in this highly readable text 
is on illuminating fundamental principles and showing how they are embodied in a great 
number of real engineering and design problems: trusses, loaded cables, beams, jacks, hoists, 
etc. Provides advanced material on relative motion and gyroscopes not usual in introductory 
texts. “Very thoroughly recommended to all those anxious to improve their real understanding 
of the principles of mechanics.” MECHANICAL WORLD. Index List of equations. 334 problems, 
all with answers. Over 550 diagrams and drawings, ix + 462pp. 5% x 8. 

S754 Paperbound $2.00 

THEORETICAL MECHANICS: AN INTRODUCTION TO MATHEMATICAL PHYSICS, J. S. Ames. F. D. 
Murnaghan. A mathematically rigorous development of theoretical mechanics for the ad¬ 
vanced student, with constant practical applications. Used in hundreds of advanced courses. 
An unusually thorough coverage of gyroscopic and baryscopic material, detailed analyses of 
the Coriolis acceleration, applications of Lagrange’s equations, motion of the double pen¬ 
dulum, Hamilton-Jacobi partial differential equations, group velocity and dispersion, etc. 
Special relativity is also Included. 159 problems. 44 figures, ix + 462pp. 5% x 8. 

S461 Paperbound $2.25 

THEORETICAL MECHANICS: STATICS AND THE DYNAMICS OF A PARTICLE, W. D. MacMillan. 

Used for over 3 decades as a self-contained and extremely comprehensive advanced under¬ 
graduate text in mathematical physics, physics, astronomy, and deeper foundations of engi¬ 
neering Early sections require only a knowledge of geometry: later, a working knowledge 
of calculus. Hundreds of basic problems, including projectiles to the moon, escape velocity, 
harmonic motion, ballistics, falling bodies, transmission of power, stress and strain, 
elasticity, astronomical problems. 340 practice problems plus many fully worked out examples 
make it possible to test and extend principles developed in the text. 200 figures, xvii + 
430pp. 54fe x 8 . S467 Paperbound $2.00 

THEORETICAL MECHANICS: THE THEORY OF THE POTENTIAL, W. 0. MacMillan. A comprehensive, 
well balanced presentation of potential theory, serving both as an introduction and a refer¬ 
ence work with regard to specific problems, for physicists and mathematicians. No prior 
knowledge of integral relations is assumed, and all mathematical material is developed as it 
becomes necessary. Includes Attraction of Finite Bodies, Newtonian Potential Function; 
Vector Fields, Green and Gauss Theorems, Attractions of Surfaces and Lines; Surface Distri¬ 
bution of Matter; Two-Layer Surfaces; Spherical Harmonics; Ellipsoidal Harmonics; etc. “The 
great number of particular cases . . . should make the book valuable to geophysicists and 
others actively engaged in practical applications of the potential theory,” Review of Scientific 
Instruments. Index Bibliography, xm + 469pp. 5% x 8. S486 Paperbound $2.50 

THEORETICAL MECHANICS: DYNAMICS OF RIGID BODIES, W. D. MacMillan. Theory of dynamics 
of a rigid body is developed, using both the geometrical and analytical methods of instruc¬ 
tion. Begins with exposition of algebra of vectors, it goes through momentum principles, 
motion in space, use of differential equations and infinite series to solve more sophisticated 
dynamics problems. Partial contents: moments of inertia, systems of free particles, motion 
parallel to a fixed plane, rolling motion, method of periodic solutions, much more. 82 figs. 
199 problems. Bibliography. Indexes, xii + 476pp. 5% x 8. S641 Paperbound $2.50 

MATHEMATICAL FOUNDATIONS OF STATISTICAL MECHANICS, A. I. KhincMn. Offering a precise 
and rigorous formulation of problems, this book supplies a thorough and up-to-date exposi¬ 
tion. It provides analytical tools needed to replace cumbersome concepts, and furnishes 
for the first time a logical step-by-step introduction to the subject. Partial contents: geom¬ 
etry & kinematics of the phase space, ergodic problem, reduction to theory of probability, 
application of central limit problem, ideal monatomic gas, foundation of thermo-dynamics, 
dispersion and distribution of sum functions. Key to notations, index, viil + 179pp. 5% x 8. 

S147 Paperbound $1.50 

ELEMENTARY PRINCIPLES IN STATISTICAL MECHANICS, J. W. Gibbs. Last work of the great 
Yale mathematical physicist, still one of the most fundamental treatments available for 
advanced students and workers in the field. Covers the basic principle of conservation of 
probability of phase, theory of errors in the calculated phases of a system, the contribu¬ 
tions of Clausius, Maxwell, Boltzmann, and Gibbs himself, and much more. Includes valuable 
comparison of statistical mechanics with thermodynamics: Carnot’s cycle, mechanical defini¬ 
tions of entropy, etc. xvi + 208pp. 5% x 8. S707 Paperbound $1.45 
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PRINCIPLES OF MECHANICS AND DYNAMICS, Sir William Thomson (Lord Kelvin) and Peter 
Guthrie Talt. The principles and theories of fundamental branches of classical physics 
explained by two of the greatest physicists of all time A broad survey of mechanics, with 
material on hydrodynamics, elasticity, potential theory, and what is now standard mechanics 
Tnorough and detailed coverage, with many examples, derivations and topics not included 
in.more recent studies Only a knowledge of calculus is needed to work through this book 
vol I (Preliminary) Kinematics Dynamical Laws and Principles Experience (observation, 
experimentation, formation of hypotheses scientific method), Measures and Instruments, 
Continuous Calculating Machines Vol II (Abstract Dynamics) Statics of a Particle— 
Attraction, Statics of Solids and Fluids Formerly Titled Treatise on Natural Philosophy" 
Unabridged reprint of revised edition Index 168 diagrams Total of xlii 4- 1035pp 5% x 8 Vi 

Vol I S966 Paperbound $2.35 

Vol II S967 Paperbound $2.35 

Two volume Set Paperbound $ 4.70 

INVESTIGATIONS ON THE THEORY OF THE BROWNIAN MOVEMENT, Albert Einstein. Reprints 

from rare European journals 5 basic papers including the Elementary Theory of the 
Brownian Movement, written at the request of Lorentz to provide a simple explanation 
Translated by A D Cowper Annotated, edited by R Ftfrth 33pp. of notes elucidate, give 
history of previous investigations Author, subject indexes 62 footnotes 124pp 5% x 8 

S304 Paperbound $1.25 

MECHANICS VIA THE CALCULUS, P W. Norris, W. S. Legge. Covers almost everything, from 
linear motion to vector analysis equations determining motion, linear methods, compounding 
of simple harmonic motions, Newton s laws of motion, Hooke’s law, the simple pendulum, 

motion of a particle in 1 plane, centers of gravity, virtual work, friction, kinetic energy of 

rotating bodies, equilibrium of strings, hydrostatics, sheering stresses, elasticity, etc 550 
problems 3rd revised edition xii + 367pp 6x9 S207 Clothbound $4.95 

THE DYNAMICS OF PARTICLES AND OF RIGID, ELASTIC, AND FLUID BODIES, BEING LECTURES 
ON MATHEMATICAL PHYSICS, A. G Webster The reissuing of this classic fills the need for 
a comprehensive work on dynamics A wide range of topics is covered in unusually great 
depth, applying ordinary and partial differential equations Part I considers laws of motion 
and methods applicable to systems of all sorts oscillation, resonance, cyclic systems, etc 
Part 2 is a detailed study of the dynamics of rigid bodies Part 3 introduces the theory of 
potential, stress and strain, Newtonian potential functions, gyrostatics, wave and vortex 
motion, etc Further contents Kinematics of a point Lagrange T s equations, Hamilton’s prin¬ 
ciple, Systems of vectors, Statics and dynamics of deformable bodies, much more, not easily 
found together in one volume Unabridged reprinting of 2nd edition 20 pages of notes on 
differential equations and the higher analysis 203 illustrations Selected bibliography Index 
xi + 588pp 5% x 8 S522 Paperbound $2.45 

A TREATISE ON DYNAMICS OF A PARTICLE, E J Routh Elementary text on dynamics for 
beginning mathematics or physics student Unusually detailed treatment from elementary defi 
nitions to motion in 3 dimensions, emphasizing concrete aspects Much unique material im 
portant in recent applications Covers impulsive forces, rectilinear and constrained motion in 
2 dimensions, harmonic and parabolic motion degrees of freedom closed orbits, the conical 
pendulum, the principle of least action Jacobi s method and much more Index 559 problems, 
many fully worked out, incorporated into text xiii + 418pp 5% x 8 

S696 Paperbound $2.25 

DYNAMICS OF A SYSTEM OF RIGID BODIES (Elementary Section), E. J. Routh. Revised 7th edl 
tion of this standard reference This volume covers the dynamical principles of the subject, 
and its more elementary applications finding moments of inertia by integration, foci of 
inertia, d’Alemberts principle impulsive forces motion in 2 and 3 dimensions Lagrange’s 
equations, relative indicatrix, Euler s theorem, large tautochronous motions, etc Index 55 
figures Scores of problems xv + 443pp 5% x 8 S664 Paperbound $ 2.50 

DYNAMICS OF A SYSTEM OF RIGID BODIES (Advanced Section), E. J. Routh. Revised 6th edi¬ 
tion of a classic reference aid Much of its material remains unique Partial contents moving 
axes, relative motion, oscillations about equilibrium, motion Motion of a body under no 
forces, any forces Nature of motion given by linear equations and conditions of stability 
Free, forced vibrations, constants of integration, calculus of finite differences, variations, 
precession and nutation, motion of the moon, motion of string, chain, membranes 64 figures 
498pp. 5% x 8 S229 Paperbound $2.45 

"DYNAMICAL THEORY OF GASES, James Jeans. Divided into mathematical and physical chapters 
for the convenience of those not expert in mathematics, this volume discusses the mathe¬ 
matical theory of gas in a steady state, thermodynamics, Boltzmann and Maxwell, kinetic 
theory, quantum theory, exponentials, etc 4th enlarged edition, with new material on quan¬ 
tum tneory, quantum dynamics, etc Indexes 28 figures 444pp 6Vs x 9Va 

S136 Paperbound $2.65 


THE THEORY OF HEAT RADIATION, Max Planck. A pioneering work in thermodynamics, provid¬ 
ing basis for most later work, Nobel laureate Planck writes on Deductions from Electro¬ 
dynamics and Thermodynamics, Entropy and Probability, Irreversible Radiation Processes, etc 
Starts with simple experimental laws of optics, advances to problems of spectral distribu¬ 
tion of energy and irreversibility Bibliography 7 illustrations, xiv + 224pp 5% x 8. 

S546 Paperbound $1.75 
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FOUNDATIONS OF POTENTIAL THEORY, 0. 0. Kellogg. Based on courses given at Harvard this 
is suitable for both advanced and beginning mathematicians. Proofs are rigorous, and much 
material not generally available elsewhere is included. Partial contents*, forces of gravity, 
fields of force, divergence theorem, properties of Newtonian potentials at points of free 
space, potentials as solutions of Laplace’s equations, harmonic functions, electrostatics, 
electric images, logarithmic potential, etc. One of Grundlehren Series, ix + 384pp. 5% x 8 . 

S144 Paperbound $1.96 


THERMODYNAMICS, Enrico Fermi. Unabridged reproduction of 1937 edition. Elementary in 
treatment; remarkable for clarity, organization. Requires no knowledge of advanced math 
beyond calculus, only familiarity witn fundamentals of thermometry, calorimetry. Partial 
Contents: Thermodynamic systems; First & Second laws of thermodynamics; Entropy; Thermo¬ 
dynamic potentials: phase rule, reversible electric cell; Gaseous reactions: van't Hoff reaction 
box, principle of LeChatelier; thermodynamics of dilute solutions: osmotic & vapor pressures, 
boiling & freezing points; Entropy constant, index. 25 problems. 24 illustrations, x + 160pp. 
5% x a S361 Paperbound $1.75 


THE THERMODYNAMICS OF ELECTRICAL PHENOMENA IN METALS and A CONDENSED COLLEC¬ 
TION OF THERMODYNAMIC FORMULAS, P. W. Bridgman. Major work by the Nobel Prizewinner: 
stimulating conceptual introduction to aspects ot the electron theory of metals, giving an 
intuitive understanding of fundamental relationships concealed by the formal systems of 
Onsager and others. Elementary mathematical formulations show clearly the fundamental 
thermodynamical relationships of the electric field, and a complete phenomenological theory 
of metals is created. This is the work in which Bridgman announced his famous “thermo¬ 
motive force” and his distinction between “driving” and “working” electromotive force. 
We have added in this Dover edition the authors long unavailable tables of thermo¬ 
dynamic formulas, extremely valuable for the speed of reference they allow. Two works 
bound as one. Index. 33 figures. Bibliography, xviii + 256pp. 5% x 8 . S723 Paperbound $1.65 


TREATISE ON THERMODYNAMICS, Max Planck. Based on Planck's original papers this offers 
a uniform point of view for the entire field and has been used as an introduction for 
students who have studied elementary chemistry, physics, and calculus. Rejecting the earlier 
approaches of Helmholtz and Maxwell, the author makes no assumptions regarding the 
nature of heat, but begins with a few empirical facts, and from these deduces new physical 
and chemical laws. 3rd English edition of this standard text by a Nobel laureate, xvl + 
297pp. 5% X 8 . S219 Paperbound $1.76 


THE MATHEMATICAL THEORY OF ELASTICITY, A. E. H. Love. A wealth of practical illustration 
combined with thorough discussion of fundamentals—theory, application, special problems 
and solutions. Partial Contents: Analysis of Strain & Stress, Elasticity of Solid Bodies, 
Elasticity of Crystals, Vibration of Spheres, Cylinders, Propagation of Waves in Elastic Solid 
Media, Torsion, Theory of Continuous Beams, Plates. Rigorous treatment of Volterra's theory 
of dislocations, 2 -dimensional elastic systems, other topics of modern interest. “For years 
the standard treatise on elasticity,” AMERICAN MATHEMATICAL MONTHLY. 4th revised edi¬ 
tion. Index. 76 figures, xviii + 643pp. 6Va x 9V4. S174 Paperbound $3.25 


STRESS WAVES IN SOLIDS, H. Kolsky, Professor of Applied Physics, Brown University. The 
most readable survey of the theoretical core of current knowledge about the propagation of 
waves in solids, fully correlated with experimental research. Contents: Part I—Elastic Waves: 
propagation in an extended plastic medium, propagation in bounded elastic media, experi¬ 
mental investigations with elastic materials. Part II—Stress Waves in Imperfectly Elastic 
Media: internal friction, experimental investigations of dynamic elastic properties, plastic 
waves and shock waves, fractures produced by stress waves. List of symbols. Appendix. 
Supplemented bibliography. 3 full-page plates. 46 figures, x + 213pp. 5% x 8 V 2 , 

S1098 Paperbound $1.75 
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SPACE TIME MATTER, Hermann Weyl. “The standard treatise on the general theory of rela¬ 
tivity” (Nature), written by a world-renowned scientist, provides a deep clear discussion of 
the logical coherence of the general theory, with introduction to all the mathematical tools 
needed: Maxwell, analytical geometry, non-tuclidean geometry, tensor calculus, etc. Basis is 
classical space-time, before absorption of relativity. Partial contents: Euclidean space, 
mathematical form, metrical continuum, relativity of time and space, general theory. 15 dia¬ 
grams. Bibliography. New preface for this edition, xviii + 330pp. 5% x 8 . 

S267 Paperbound $2.00 


ATOMIC SPECTRA AND ATOMIC STRUCTURE, 6 . Herzberg. Excellent general survey for chemists, 
physicists specializing in other fields. Partial contents: simplest line spectra and elements 
of atomic theory, building-up principle and periodic system of elements, hyperfine structure 
of spectral lines, some experiments and applications. Bibilography. 80 figures. Index, xli 
+ 257pp. 5% x 8 . S115 Paperbound $2.00 
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THE PRINCIPLE OF RELATIVITY, A. Einstein, H. Lorentz, H. Minkowski. H. Weyl. These a 
the 11 basic papers that founded the general and special theories of relativity, all trans 
lated into English. Two papers by Lorentz on the Michelson experiment, electromagnet!' 
phenomena. Minkowski’s SPACE & TIME, and Weyl’s GRAVITATION & ELECTRICITY. 7 epoct 
making papers by Einstein: ELECTROMAGNETICS OF MOVING BODIES, INFLUENCE OF GRAY I 
TATION IN PROPAGATION OF LIGHT, COSMOLOGICAL CONSIDERATIONS, GENERAL THEORY, and 
3 others. 7 diagrams. Special notes by A. Sommerfeld. 224pp. 5% x 8 . 

S81 Paperbound $1.75 


EINSTEIN’S THEORY OF RELATIVITY, Max Born. Revised edition prepared with the collabora¬ 
tion of Gunther Leibfried and Walter Biem Steering a middle course between superficia 
popularizations and complex analyses, a Nobel laureate explains Einstein’s theories clearli 
and with special insight. Easily followed by the layman with a knowledge of high schoo 
mathematics, the book has been thoroughly revised and extended to modernize those sec 
tions of the well-known original edition which are now out of date After a comprehensive 
review of classical physics, Born's discussion of special and general theories of relativity 
covers such topics as simultaneity, kinematics, Einstein’s mechanics and dynamics, relativity 
of arbitrary motions, the geometry of curved surfaces, the space-time continuum, and many 
others. Index. Illustrations, vii + 376pp. 5% x 8 . S769 Paperbound $2.00 


ATOMS, MOLECULES AND QUANTA. Arthur E. Ruark and Harold C. Urey. Revised (1963) and 
corrected edition of a work that has been a favorite with physics students and teachers for 
more than 30 years No other work offers the same combination of atomic structure and 
molecular physics and of experiment and theory The first 14 chapters deal with the origins 
and major experimental data of quantum theory and with the development of conceptions 
of atomic and molecular structure prior to the new mechanics These sections provide a 
thorough introduction to atomic and molecular theory, and are presented lucidly and as 
simply as possible The six subsequent chapters are devoted to the laws and basic ideas of 
quantum mechanics Wave Mechanics, Hydrogemc Atoms in Wave Mechanics, Matrix Meehan 
ics, General Theory of Quantum Dynamics, etc For advanced college and graduate student 1 
In physics Revised, corrected republication of original edition, with supplementary note' 
by the authors New preface by the authors 9 appendices General reference list Indices 
228 figures 71 tables Bibliographical material in notes, etc Total of xxih + 810pp 
5% x 8 %. SI 106 Vol I Paperbound $2.5( 

S1107 Vol. II Paperbound $2.5C 
Two volume set Paperbound $5.00 


WAVE MECHANICS AND ITS APPLICATIONS, N. F. Mott and I. N. Sneddon. A comprehensive 
introduction to the theory of quantum mechanics, not a rigorous mathematical exposi 
tion it progresses, instead, in accordance with the physical problems considered Many topics 
difficult to find at the elementary level are discussed in this book Includes such matters 
as: the wave nature of matter, the wave equation of Schrodinger, the concept of stationary 
states, properties of the wave functions, effect of a magnetic field on the energy levels of 
atoms, electronic spin, two-body problem, theory of solids, cohesive forces in ionic crystals, 
collision problems, interaction of radiation with matter, relativistic quantum mechanics, etc. 
All are treated both physically and mathematically 68 illustrations 11 tables Indexes 
xii + 393pp. 5% x 8 V 2 S1070 Paperbound $2.25 


BASIC METHODS IN TRANSFER PROBLEMS, V. Kourganoff, Professor of Astrophysics, U of 
Paris. A coherent digest of all the known methods which can be used for approximate or 
exact solutions of transfer problems All methods demonstrated on one particular problem 
—Milne’s problem for a plane parallel medium Three main sections fundamental concept; 
(the radiation field and its interaction with matter, the absorption and emission coefficients 
etc.), different methods by which transfer problems can be attacked, and a more genera* 
problem—the non-grey case of Milne’s problem Much new material, drawing upon declassi 
fied atomic energy reports and data from the USSR Entirely understandable to the studer 
with a reasonable knowledge of analysis Unabridged, revised reprinting New preface 
the author. Index. Bibliography. 2 appendices, xv 4- 281pp. 5% x 8 V 2 . 

S1074 Paperbound $2.L«, 


PRINCIPLES OF QUANTUM MECHANICS, W. V. Houston. Enables student with working knowl¬ 
edge of elementary mathematical physics to develop facility in use of quantum mechanics, 
understand published work in field. Formulates quantum mechanics in terms of Schroedinger's 
wave mechanics. Studies evidence for quantum theory, for inadequacy of classical me¬ 
chanics, 2 postulates of quantum mechanics, numerous important, fruitful applications of 
quantum mechanics in spectroscopy, collision problems, electrons in solids, other topics. 
"One of the most rewarding features ... is the interlacing of problems with text,” Amer 
J. of Physics. Corrected edition. 21 illus. Index. 296pp. 5% x 8 . S524 Paperbound $2.00 


PHYSICAL PRINCIPLES OF THE QUANTUM THEORY, Warner Heisenberg. A Nobel laureate dis¬ 
cusses quantum theory; Heisenberg’s own work, Compton, Schroedinger. Wilson, Einstein, 
many others. Written for physicists, chemists who are not specialists in quantum theory, 
only elementary formulae are considered in the text: there is a mathematical appendix 
for specialists. Profound without sacrifice of clarity. Translated by C. Eckart, F. Hoyt. 18 
figures. 192pp. 54k x 8 . SI 13 Paperbound $1.25 
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ELECTED PAPERS ON QUANTUM ELECTRODYNAMICS, edited by I. Schwinger. Facsimiles of 
capers which established quantum electrodynamics, from initial successes through today's 
position as part of the larger theory of elementary particles. First book publication in any 
language of these collected papers of Bethe, Bloch, Dirac, Dyson. Fermi, Feynman, Heisen¬ 
berg. Kusch, Lamb, Oppenhefmer, Pauli, Schwinger, Tomonoga, Weisskopf, Wigner, etc. 34 
baoers in all, 29 in English, 1 in French, 3 in German, 1 in Italian. Preface and historical 
commentary by the editor, xvii + 423pp. 6Vfe x 9Vs. S444 Paperbound $ 2.75 


THE FUNDAMENTAL PRINCIPLES OF QUANTUM MECHANICS, WITH ELEMENTARY APPLICATIONS, 
€. C. Kemble. An inductive presentation, for the graduate student or specialist in some 
ifther branch of physics. Assumes some acquaintance with advanced math; apparatus neces¬ 
sary beyond differential equations and advanced calculus is developed as needed. Although 
k general exposition of principles, hundreds of individual problems are fully treated, with 
applications of theory being Interwoven with development of the mathematical structure, 
fhe author is the Professor of Physics at Harvard Univ. “This excellent book would be of 
great value to every student ... a rigorous and detailed mathematical discussion of all 
$f the principal quantum-mechanical methods . . . has succeeded in keeping his presenta¬ 
tions clear and understandable,” Dr. Linus Pauling, J. of the American Chemical Society. 
Appendices: calculus of variations, math, notes, etc. Indexes. 611pp. 5% x 8. 

S472 Paperbound $3.00 


QUANTUM MECHANICS, H. A. Kramers. A superb, up-to-date exposition, covering the most 
important concepts of quantum theory in exceptionally lucid fashion. 1st half of book shows 
how the classical mechanics of point particles can be generalized into a consistent quantum 
mechanics. These 5 chapters constitute a thorough introduction to the foundations of quantum 
theory. Part II deals with those extensions needed for the application of the theory to 
problems of atomic and molecular structure. Covers electron spin, the Exclusion Principle, 
electromagnetic radiation, etc. “This is a book that all who study quantum theory will want 
.o read,” J. Polkinghorne, PHYSICS TODAY. Translated by D. ter Haar. Prefaces, introduction. 
Glossary of symbols. 14 figures. Index, xvi + 496pp. 5% x 8%. SI 150 Paperbound $2.75 

«r • 

THE THEORY AND THE PROPERTIES OF METALS AND ALLOYS, N. F. Mott, H. Jones. Quantum 

Methods used to develop mathematical models which show interrelationship of basic chem¬ 
ical phenomena with crystal structure, magnetic susceptibility, electrical, optical properties. 
Examines thermal properties of crystal lattice, electron motion in applied field, cohesion, 
electrical resistance, noble metals, para-, dia-, and ferromagnetism, etc. “Exposition . . . 
clear . . . mathematical treatment . . . simple,” Nature. 138 figures. Bibliography. Index, 
kill + 320pp. 5% X 8. S456 Paperbound $2.00 

FOUNDATIONS OF NUCLEAR PHYSICS, edited by R. T. Beyer. 13 of the most important papers 
on nuclear physics reproduced in facsimile in the original languages of their authors: the 
papers most often cited in footnotes, bibliographies. Anderson, Curie, Joliot, Chadwick, 
Fermi, Lawrence, Cockcroft, Hahn, Yukawa. UNPARALLELED BIBLIOGRAPHY. 122 double- 
columned pages, over 4,000 articles, books, classified. 57 figures. 288pp. 6Vfe x 9V>. 

S19 Paperbound $2.00 


MESON PHYSICS, R. E. Marshak. Traces the basic theory, and explicitly presents results of 
experiments with particular emphasis on theoretical significance. Phenomena involving 
mesons as virtual transitions are avoided, eliminating some of the least satisfactory pre¬ 
dictions of meson theory. Includes production and study of *• mesons at nonrelativistic 
nucleon energies, contrasts between -n and n mesons, phenomena associated with nuclear 
Interaction or n mesons, etc. Presents early evidence for new classes of particles and 
indicates theoretical difficulties created by discovery of heavy mesons and hyperons. Name 
and subject indices. Unabridged reprint, viii + 378pp. 5% x 8. S500 Paperbound $ 1.05 
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